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ABSTRACT

rhe purpose of the investigation descrihed in this report wps
several-fold, coverina mainly the following poi.ts: 1) to devise a simple
crark--propag.ation specimen for evaluating high-strength sheet materials;
2) to determine the crack-pr. ipagaiion characteristics of several high-
st,'tngth sheet materials; .3) to determine the effects of several
experinicntal variables on the crack-propagation characteristics of somc
of thcse materials; and 4) to determine the validity of the crzck-propaga-
tiuf specimen for predicting the biaxial, strength of the high-strength
sheet materials. A sheet specimen called the "shear-cracked" specimen
%as used extensively in the investigation.. This specimen, which contains
a cenral trans%,erse crack or notch produced by means of a simple
punch-and-die fixture, can be produced very rapidly and economically.

It was established that the crack-propagation properties obtained
with the shear-cracked specimen were very similar to those obtained
with fatigue-cracked specimens of the quench-hardenable and age-
hardenable materials. A comparison of the crack-propagation properties
ubtained with sheet specimens and the burst strengths of model pressure
vessels of two steels (AISI 4130 and AISI 4340) indicated that the sheet-
type crack-propagation. specimen maybe useful in predicting the biaxial
strength cf materials heat treated to very high strength levels (in excess
of about 250,000 psi). At lower nominal strength levels, the crack-
propagation specimen is apparently too'"severe" a criterion of the
biaxial strength behavior of sheet mterials.
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All ItiVi-Sfigaltioti of' NMe thods for Determining
the Crack-Il'rupngation Resistance

of Ifigh-Strength Alloys

1. INTriO)UCT1ON

lThe~. piitjcz: --.t :.his pr-ogram were to establish a valid and
St ipi ld)wtalm rv Itlhodl tor- assessing the resistance to cr:;ck propa-

g at ion (if It git- sii-engti btructural inatcrinalE and to use this method. to
ovnhtate the, cr-ack -propagation resistance of a nurnoer of alloys under
var jois Ci Jtdl1( i ns of tell)Crftit.ro. and loading. Such information is

- nettled inl theV selectIOl :ti f mlaterials for highly- stressed structures such-
-is igh. speed aircraft and rocket.- motor casings. The need for a
mimntni- weight strututetre in these applications has dictated the use
of ulti a-lhijgh slio ngth sheet miaterials that normally have inherently
low resistance to crack propagation. In addition, many of the service
ecinditions to which these Structures many be exposed, such as low
temix-ratures andl high rates of stressin~g, impose further embrittling
tendenejeS AS a result O~f thlcsc over- all'"embrittling effects," failures
of these "high -st rongth" materials have occurred at applied stresses
well below tltei a-id strengths

'Fhie sclipe if' rue prograin emnbraces the points listed below in the
formi of brief statements, in !he order of their presentation in the
report. These aims are:.

1. To Furnish crack- propagation dat~a on various high-
strength alloys in a useful range of temperatures.

2.To attempt to correlate crack-propiagation data
obtained with smnall sheet specimens with- burst
pro~perties of model pressuire vessels of the same
n.JatU* Jl.

3.To investigate the effects of the following experimental
variables onl crack- propagation properties:

(a) loiading rate
(b) tcrmpering temperature of steels
(c) sheet thickness

4. To conitpare dlifferent types of crack- propagation speci-
llljenit JUL* billilill'] k tCS ana aiterences in tfle '-properties"
they- indicate for a given material.

SOUTHERNN RESEARCH INSTITure



Tb )I tIrr of pI ci tn'i ion of thcst- poinlts 's -not meant to imply
7 t~: ibi in' ittai e; .. ti..r, it rc- presents a rational niethod of

10..w 1 !i I)i'S' otjl'/.dti1ifl (f the ex.pvrim'?ntal data.

*~ ~.\I'- OR IXlPERM~ENTAL. APPROACH

Ilt :\~S 'I \1 Comm 'ev on li-actu re Te-sting o1 Hligh- Strength
\;1ipfIatv~rials has reevn'.Iy pUhlished (1)' recommended techniques

1 Ir d('erioinit .m. cra( k -propagation cliarac~eri sties fn these articles,
thle Cornllolil' te oniH ~ndt'd thle use of two sorts of tensile specimens.
the specirnit rs containing eitlic r shat'p-edge notches or- central crack-
likl defects n 111 'h'rnest-:gation described in this report, a specimen
desigon A1 hiv later 'Ype was used extensively This design is referred
it) as thv'slicai - cracked specimn''i (Figure 2) and is e-ssentially a
inodinica~ion )t ii( ctii'ral fav'guc-cracked specmen used by Srawley

- ,anld lBeache-tn (2) Thc bsi'ar- cra. keo specimrn has the advantage of
4being iasily ;Itul VLToiii In aly ;r "pared, With qte i reproducible crack

lii ci'V gV11Vc'dI 'VI- Ofi' o~Cr foi c rack- propagation resistance
are often robta i-i I! with the tnot ched or cracked sheerseies These
types Ir(: 1) o'cii st rengh or, eqtuf'.alrnfly, wo' fracture stress, these

- valutes beinog ''ii.ni a l s r enh obt aiied b- f he ultimate load
- ,by thc or'g.tnal rl.t soiport ing area: 2) "perccnt. in thle fracture,

whichi., qwi ii .'Cv estiniate ot that perccntage ofthe fracture surface
in which .scparvion by shear occurred; and 3) the "fracture- toughness"
iparani'ters---C., and K,---whi'ch are mnore tUndamental material proper-
ties that may be 'Jetcrm med with the aid *of the Griffith- Irwin fracture-
mnechanics flivory These terms are defined in reference (1). The
larger 'hr taliies of Gc or Kc, the, greater is the resistance of the
niater ial to criack. pr oIdga Lion.

These ?i. (-r irerria may be used to define brittle- to-ductile
transititon temipcratuires in the following ways. 1) The net-fracture-
stress !r'ansotton 'cmnpvra'ure is often defined as the lowest temperature
at which the net teacttitre stiress is equal to the yield stress. For some
materials, it is more convenient to define this transition temperature
as the temiperatUre below which there is a sharp reduction in net fracture
stress 2) hute "ItulI-shecar" transition temperature, which is based upon
the frac'uire appearance, is the lowest temnerature at which failure
occurs wi'h 10V;, shear 3) A transition temperature may be

-rnh s I paruen'hieses rrfc t to th iblorah
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dei :nwd it. 0e1* If~iV cr~iticcl fracture- toughness parameters- Kc,
tlic' 81tress- 'litclisil fatr an C, the crack- extension force-as
the, tomer ahirv e LV iWwhich there it, a sharp reduction in fracture
t, )ughneS s

The sI~ecimnen-design recommendations of the ASTM Committee
hrart ri-valuatio~ns have been given in detail in the
ASTNI Bulletin (1): these rtequiremients'arc briefly summarized as
I ol lows:

1 The spvcimeni width- to- thickness ratio should be
in the( range f rom 16- to- 1 to 45- to-i.

2. The lengthi of the specimen should be such that the
loadin 'g- pin holes willI be at least 2. 5 specimen-
widths apart,

3. Trhe initial crack-length to spec imen- width ratio should
be fro~m abou)Lt 0. 3 to 0 4, for c ente r-c racked specimens.
]'or edge -notched specimens, the width of the unnotched
section shiould he 70%, of the ove' - all specimen width.

If these reqiiircmunts are met with the sheet specimen, it is then
possible to calcu!ate 'the f ractu re- toughness parameter, KC1 . when the
ultimate Load and the critical crack-length are known. The critical

4 . crack-length may be established by mnarking the extent of slow crack-
Iv extension by mecans of a dye, such as India ink, or by other means.

Alternatively, an estimate of critical crack length may be calculated
frjm)n the length of tile starting crack and the percent shear in the
fractu re burface (1). The fracture- toughiness parameter calculated
fromt these latter values is referred to as KC3.

From the calculated lKc valtaes, it is possible to estimate ihe
-- ~maximuin flaw size that can be allowed in a structure fabricated from

a given sheet material and to estimate the yield-strength level that
will attain the best "balance" between yield strength and fracture
toughness, so thant tho probability of brittle fracture at stresseb below
the yield strength is mninimiz~ed.
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Ill. EXIE IMENTAL, PROG RAM

I'the evaluIations of tihe sheet materials, it was the general

prvactlc( to ol)tain thc s'andard tensile propertie. and the crack-
propagation properties oi cach material over a range of temperaturcs
that would ,.ix' the expectd service temperatures of the material.
A sl.. rate of •d ,g wa...,mploycd, such that the specimens
gene-rally fractured in from 2 to 4 minutes. In one phase uf the evalua-
tion program, the tractire properties of four aluminum alloys were
obtained under' very specialized conditions of heating and loading that
simulated certain service conditions to which aircraft structures,
fabricated from these alloys, may be exposed. The exact experimental
conditiolnS used for each material and the details of the program to
eo'relate iracture 0oughnless of sheet materials with "service perform-
ance" of model pressure vessels will be given in subsequent sections.

A. Materials Evaluated

In Table 1, a lisiis given of all of the sheet materials that were
evaluated, with the sheet thicknesses and the heat treatments used.

Table 1

Sheet Materials Evaluated

Material Sheet Thickness, in. Condition

ANIS 6434 0.064 Oil-quenched from 16200 F;
(low-alloy steel) tempered at 400* F for 2 hr

300M 0. 080 Oil-quenched from 1600 ° F;
(low-alloy steel) double tempered at 6000 F

for 3 hr each cycle

Type 301 0.046 50% cold reduced
(austenitic stainless-
steel)
ATCZT 4 l C A1%.

V. V" OI-iutiCILed EL'U1 i,3C4 F;

(low-alloy steel) tempered at 400" F for 2 hr

SOUTHERN RESFARCH INSTITUTE



Table 1 (C'ontinued)

Sheet Materials Evaluated

Mh~' 1-.1 SZ!,cot TIii-knvss. in Condition

.*\m 350 0 040 Water-quenchcd from
(s~tsiaulen i1725' F: refrigerated at

staildiess Stec1) -105' F for 3 hr; aged at
850' F for 3 hr.

17-7 1,l1 0.040 Air cooled from 14000 F;
(prcCip ita tionl- .held at 5O*F for 1hr;

hardenin~g si'ainiess aged at 10500* F for 1 1 /2
s t4 c 1) hr

AISI 4130 0.106 Oil-quenched from 1700'F;
(;w-aloysteel) tempered at: 825' F for 1 fir.

AISI 4130 . 0. 100 Oil -quenched f rom 0700 *F;
(low-alloy steel) tempered at 400* F for 2 hr

AIST 4340 0. 064 Oil-quenched froin 1600* F;
(low-ahloy studt) .doable tempered at 400iF

for 2 hr each cycle

Inconel-X 0.064 Age d at .13000 F for 24 hr
(nickel-base alloy)

AISI 4340 0. 120 Oil- quenched from 16000a F;
(low-alloy steel) tempered at 4250 F for 2 hr

7075 Alumini"'n 0.064 T-6

'97079 Aluminum 0.064 T-6

2024 Aluminum 0.064 T-86

X 2020 Aluminum 0. 064 T-6
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Seanilss inodel pressure vessels of AISI 4130 and AISI 4340 steel
Wrc IV lb*a!id Nro1 111c fabricator, the Kidde Aero-Space Division. The
} .her' t tr'eat nts '.,sed to obtain given nominal strength leve s in these
VtS! Cs a s.. ' in Talble 2.

Table 2

Mo0del l'ressure Vessel Materials and Conditions

Material Noin mal Strength Level Condition

AISI 4130 200,000 psi Oil-quenched from 17000 F;
(low-alloy steel) tempered at 85 F, for 1 hr

AISI 4130 240 000 psi Oil-quenched from 17000 F;
(low-alloy steel) tempered at 4000 F for 1 hr

AISI 4340 240,000 - Oil-quenched from 16000 F;
(low-alloy steel) 262, 000 psi tempered at 425' F for 2 hr

B. Specimens

Standard tensile specimens prepared from each of the sheet
materials had gage-sections 2 in. long by 3/8 in. wide: A typical
tensile specimen is shown in Figure 1.

The "lugs" at the specimen gage-points were used to actuate a
special "clip-on" extensometer that can be used to measure strain over
a wide rawge of specimen temperatures.

The shear-cracked specimens, used to obtain the crack-
propagation data, where prepared with a special punch-and-die fixture
that makes a transverse slit of the desired length through the thickness
of the specimen: A typical shear-cracked specimen is shown in Figure 2.
Four punch-and-die fixtures were available for making shear-cracks of
the following lengths: 0. 20 in. , 0.35 in., 0. 58 in., and about 1.05 in.
These fixtures can be used on sheet thicknesses up to 1/8 in. This
variety of obtainable slhcar -crack lengths is suitable for specimen widths
up to 3 in. 6enerally, two widths of crack-propagation specimens were
used in this work. i;or sheet tilicknebbs'2 ,rofn 0. 043 iLU. LUG. 080 in.,
speciinens 1. 5 in. wide were used. wi-n a shear-crack length of 0. 58

SOUTHERN RESEARCH INSTITUTE
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-21/64 Diameter Pin 11oleTI4

1/161/2Rd
9

2

0. 375 Nominal Gage Width
Taper 0. 004 to 0. 006 Under
Nominal Width at Center

Figiire 1. Sheet Tensile Specimen
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Edge View of Specimen in
Region of Shear Crack

2 X

Figure 2. Typic al shear-cracked specimen
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in . For shleet thickuiesses VIt excess of 0. 080 in. specimens 2. 65 in.
wide were used], with a --her -crack length of 1. 05 in. 2 Teecin
sifins me.t the requirements established by the* ASTM Committee on
Fracture Testing of high Strength Sheet MNaterials (1) for wid th-to-
th ickntess raijo and for crack- lctngth-b - speciinen-widzih ratio. The
crack- propagation specimens of quench - liardetiable and age hi. rdenable
mnaterials were shear- cracked in the annealed condition and were then
heat treated.

The miodel pressure vessels used thc comparative program
were obtained in the heat- treated. condition fron the Kidde Aero-Space
Division. The AISI 4130 steel vessels were 205-cu-in. seamless
(cold-drawn) gas cylinders..5 210 in in diameter, with a wall thickness
of 0. 105 in. The diimens ions of -a typical 4130 steel cylinder are shown
in Figure 3. Because of the lizi.ited amiount. oh' sheet stoack available,
the 4340 steel vessels were fo ra. dc to a smaller dinniefe- (3. 52i.
thanthe 4130 steel vessels.

C. Equipment and I1roc( dure

A special screwv- tyle telLsite loading machine, designed and built
-it Southern Research listittt, was used for determnining the standard
-risile proper-ties of the Sheet materials (and for the crack-pro pagation
spec imens when rapid straini rates were requjired). With this machine,,
a rnge of strain riite6 orf frcn 0. 00005 in. /i. /sec to 1. 0 in. fin fsee
can be obtained fo.' standard tensile specimens of 2 in. gage length.
Usuiallyv, the standard specimens were loaded to failure it a, strain rate
of 0. 0001 in. /in. /sec. Both the load cell and the extensometer use
strain gagvs to produce electrical signals proportional to the load and
to the strai. w:ti te2ngesection of the specimen. The recorded
stress -strain vii rves were -hotographes.1 by a Polaroid-Land caiiera
,rom a cathode-ray oscilloscope. Mo~st of this equipment was developed
during the past seven years under several research contracts sponsored
by the U. S. Air Force. A detailed description of the equipment is
contained ini WADC TR 57-649.

2 The one exception was the 4340 steel sheet used to obtain crack-
propagation data for comparison with the burst- properties of the
4340 Lu.cel vessels. B~ecause of tioe very small amount of sheet stock
available, the crack propagation specimens prepared from this
0. 120 in, -thick stock were 1. 87 in. wide.
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Figure 3. Longitud-inal section or model pressure vessel
ubef for (hiermining burst properties of AMS
4130 steel. Vessels fabricated from AISI 4340
steel were similar but were 3. 52 in. in diameter...
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Thel( crack-p~ropagaf ion specimens were usually loaded to failure
in a Tinitts Olsen tet~sjlc machine at a free crosshead-travel rate of
about 0. 1 in. /nmiti This rate Cd.LauSOC fracture within 2 tu 4 mn-
Mi en it was (desired to !n~i ine frac-ture pJroperties it very high
rates of loading, thle crack -propagat ion specimens were fi'acturn'd in
the SRI tensile machine.

'rle~ desil'd sperion tcmei~atire was obtained in the following
ways for' both the stanidardr tensile specimens and the crack- propagation
specimens, For the low- temperatstre work. the central 3-in. section
of thle specimen was enclosed in an insulated cold-box that was coritin-
noisly swept with cold nitrogen gas. 'rile nitrogen gas' wAas cooled by
passing it thr-ough a heat-exchange coil imimersed in liquid ixitrogeri.
With this system, spec1im(a temper1atures as low as -250' F could be
attained. For- the elevated-temperature work, the specimens were
heated and then maintained at a constant uniformi temperature by two
focused radiant -heating fixturvs. Both surfac5:s of the speciiens were
uniformly flooded with radiant energy from G E. Type 500 T3/CL
tubular infrared lamips with clear quartz envelopes. The output fron a
single. lamip inl eachi ref lector was cottcentrated upont the surface of tile
specimens by a focused i-cfle.cmor ini the form of a three-quarter sec ion
of anl elliptic cylinder.

Temperature control wau eff'ceted by means of a 36-gage chromel-
alumiel thermocouple. fhash-weloed to tfle specimen and connected to a
temperature controller workin., :n conjunction with the radiant lamps for
thc elevated- temlw'raiirc work, or inll 11Lunction with a solenoid valve
in the nitrogei- gas line I or dwl low temperature work.

With the equ ipimutt rlescr ihed, standard tensile properties and
crack-- propagat ion properti( t couild be determined'at any temperature
from iabout -250* F to 1200* ..

The eqluipmient for determining the burst strengths of the model
pressure vessels consisted of a liydi aulic hand-pump connected to the
vessel by means of special high-pressure tubing and fittings. The
system pressure was read on a bourdon-Luht gage, which was calibrated
by means of a dead-weight gage tester. For the evaluations at room
temperature, hydrau~ie-pumip oil was used as the pressurizing medium.
For the low-temperature work, trichilorethylene was used as the
hydrauilic medium, ao'd the vessel was inmmersed in a bath of trichlor-

........................... tures* *'hre!'' -:nt............
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r-emperature of the dry-ice bath (-105* F), additional cooling was effected
hy means of a heat-exchnnge coil in the bath, liquid nitrogen being
introcuced into the coil until the desired temperature was reached. For
the elevated-te!nperature work, thc prcssurizing medium was a high-
flash-point turbine oil, whic'i was also used in the bath surrounding the
,essel. The oil-bath was heated with immersion heaters.

D. Electrical Measurement of Siow-Crack Extension

As hans becn prc'.-nufly nntcd. thr most direct method rf Aclulaf-ing

the critical fracture-toughness parameter, K c , depends upon knowing the

crack length at the on'et of rapid crack-extension. Probably the most
widely used method of determining this critical crack length has been to
stain the fracture surfaces formed during slow crack-extension. However,
there are objections to the use of the staining method. First, the applica-
tion of the ink-staining method is limited to near-ambient temperature
environments. And st:cond, there is recent evidence that the presence
of aqueous mat'rials in the slowly extcnding crack lowers the fracture
strength of the material (3).

In the course of this program, an electrical method of measuring
slow-crack extension was developed, and some preliminary experimental
work was done using this method. In the electrical method, a regulated
direct current of low amperage (10 amps) was passed through the specimea,
and the potential-drop across the crack was recorded as a function of
time as the specimen was loaded to failure. Connection to the recording-
potentiometer input was made by 36-gage wires flash wcldcd to the speci-
men at points in the center of the specimen width and on opposite sides of
the crack. Calibration standards for the method were specimens of the
same material as the experimental samples and containing cracks of
known length.

One limitation to, this method of determining crack length is that
the method should be applied only to specimens that are in fairly
brittle condition, in which there is no general plastic flow across the
net supporting section. This brittle state often implies a low-temperature
environment, and it is probable that the electrical method is most useful
f£U Spein;ens fiactured at low tenipeatures.

The cursory investigation ef the Piectrical method for measuring
criticai crack-length ,as made in conjunction with the evaluation of

SOUTHEN RESEAPCt4 N II"T[



shear-cracked specimens of AM 350 and AISI 4130 Some "Kc," data
obtained by mea-is of this method will be shown in the resul-ts for the
4130 steel.

IV. EXPERIMENTAL RESULTS

The experimental results for tho entire program are presented
the tour general sections which ,follow. In the first section, crack-
propagation properties (as obtained with shear-cracked specimens)
a-:c sapand,.iv aLau'd LCZIS'iiC properties o1 eaClh sheet materiil
are presented. For the low-allo steels and stainless steels, these
propertie, have been obtained as a function of temperature, at a slow
rate of loading. For the aluminum alloys, it was necessary to use
very specialized conditions of heating and loading to obtain the desired
data, and these data are given in a separate sub-section.

Some of these basic data reported in the first section, A, entitled
"Evaluation of Crack-Propagation Characteristics of Sheet Materials,"
will again be utilized for comparative purposes in subsequent sections
which deal with; B) correlation of crack-propagation data with burst
strengths of model pressure vessels, C) effects of several experimental
variables on crack-propagation properties, and D) comparison of results
obtained with different types of crack-propagation specimens.

A. Evaluation of Crack-Propagation Characteristics of Sheet Materials

1. Low-Alloy Steels and Stainless Steels

The results of the evaluations of the low-alloy steels and stainless
steels are pi esented in tables and graphs which are identified as
follows:

Sheet Material Properties Table No. Figure No.

AMS 6434 Standard tensile 3 •4

AMS 6434 Crack-Propagation 4 4 &5

300M Standard tensile 5 6

SiOUTH fI'WN& *,e.J. INS-II~tC
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Sheet Materi.&I Properties Table No. Figure No.

300 M Crack-propagation 6 6

301 (50% CR) Crack-propagation 7 7

AISI 4130 Standard tensile 8 8
(0. 040 in. a-tick, Crack-propagation 9 8
240,000 psi level)

AM 350 Standard tensile 10 9
Crack-propagation 11 9

x
17-7 PH Standard tensile 12 10

V, Crack-propagation 13 10

AISI 4130 Standard tensile 14 11
(0. 100 in. thick Crack-propagation 15 11 & 12
200,000 psi level)

AISI 41.30 Standard tensile 16 13
(0. 100 in. thick, Crack-propagation 17 13
240,000 psi level)

AISI 4340 Standard tensile 18 14
(0. 064 in. thick) Crack-propagation 19 & 19A 14

nconel-X Standard tensile 20 15

Crack-propagation 21 15

AISI 4340 va.aur-i Crack-propagation 22 16
remelted)
(0. 120 in. thick)

The data tables are included in Appendix A. The figures showing
comparative standard tensile properties and crack- propagation proper-
ties for each of the steels, together with a short discussion of the
results, are presented in the following pages. It should again be noted
that the crack propagation spccirncns used to obtain these data were
shear-cracked specimens of either 1. 5 in., 1. 87 in. , or 2. 65 in. over-
all width, depending upon sheet thickness. These bpecimens were loaded
u f-Luir biuwly aL Val luub temperature.i Li'rtuciure UUCuL'hlg hiI rilt1I3 2 LU
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4 min after loading was initiated. The crack-propagation data shown in
the, figures are net fractuire stiress3 (or, identically, notch Lenisile
strength) mid the percent shear in the fracture surface. This percent
shear value is defined as the percent of the specimen thickness repre-
sented by shear-borders in the fracture surface, as measured ac. a
point frcm une to two tin'fs the specimen thickness from the end of the
specimen.

For one material. AIST 4130 sheet. (0. 100 in. thick, 200, 000 psi
z trongthi level), K. 3 vahties are pilitted in Fig.;r.- 12 as a functian of
temperature *Two values of Kc 1 obtained with the aid of the electrical
method of measuring critical crack length, are also plotted in Figure 12.
For many, of theo sheet materials e-valuated, Kc3 valucs arc shown in the

daatables ppni A, along with the other properties, net f racture

stress and fracture appearance~

3 ~ The use and limitations of net fracture stress asan indicaticn, of crack-

propagation resistance have been reviewed in detail by J. E. Srawley (2).

SOU'THERN RESE~ARCH INSTITUTE.
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The rtandard tensile properties and crack-propagation proper-
ties of the 300 M alloy are shown in Figure 6, for the temperature
range from -200* F to 8000 F. This alloy has a less well defined
fracture-appearance transition temperature than does the AMS 6434
steel, and the net fracture stress does not approach the yield strength
below 8000 F. This is a marked drop in net fracture stress in a broad

>2j temperature range from about 2500 ' to 70" F, which effect may be
associated with the strain-aging "maximum" shown in the standard
tensile properties.
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The standard tensile and crack-propagation properties of Type

301 full-hard (50% cold-reduced) stainless steel sheet are compared
in Figure 7. These properties were obtained for the temperature

~range from -200* F to 600 ° F. The shear-cracked specimens of this

material had considerable ductility even at the lowest temperature
(-200" F), and the net fractire stress corresponded closely to the
ultimate tensile S trength over the entire temperature range, being
highest at -200*F.
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In Figure 8 is shown a comparison of the standard tensile proper-

ties and crack-propagation properties of 0. 040-in. -thick AISI 4130
sheet, heat treated to a nominal strength level of 240,000 psi (tempered
at 400* P). This tempering treatment resulted in the rather low transi-
tion temperature of about -150 ° F for the 4130 sheet. Again, the "strain-
aging effect" was evident, there being a maximum in ultimate tensile
strength and a minimum in sharp-notch strength at 3500 F.
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Figure 9 shows a comparison of the standard tensile properties
and fractui e' properties of AM 350 sheet (0. 040 in. thick) in the SCT
(850) condition. This material had a transition temperature of'-50* F,
on the basis of net fracture strength, and -100" F, on the basis of
fracture appearance.
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rather indefinite fracture- appearance transition range, with a full
shear temperature of about 300* F. The net-fracture strength data
also showed a fairly broad and poorly dcrincd transition range.
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propeFigure 11 shows the stardad teesia itederties and cs-ack-propagation Iproperties of 0. 100-in -fIiek AIi 4130 steel sheet at the

200,000 psi strength levcl (tempered at 825 F). For this material,
* there was a sharp brittle-ductile transition, as shown by fracture

strength and fracture appearance, at a temperature of -50 F. There
was also evidence of strain-aging effects at 300-350 F. These data
will be utilized in a subsequent section for comparison with the burst

properties of model pressure vessels fabricated from 4130 steel and

temnpered to the same strength Ileve (200,000 psi)
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K valucs were calculated from critical crack lengths measured by the
ink-stain method or by tfe ulectrical. resistance method The brittle-
ductile transition temperature oft this material was shown to be -50" F
.y the fractur1e-toughn1eS criterion as well as by the f racture- strength

and fracturv-appearance criteria.
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Here is shown a comparison of the standard tensile properties
and crack-propagation properties of 0 100-in -thick AISI 41.30 steel

sheet, heat treated to 240,000 psi nominal tensile strength level
(tempered at 400 ° F). The transition temperature of this material
was -100 F. and there was a prnoncccd strain-aging maximum in
smooth tensile-strength values that coincided with a drop in fracture
strength at about 350' F. These duta, obtained with sheet specimens,
will also be presented graphically in a later- section which compares
the properties of sheet specimens with the burst properties of model
vessels.
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-Figure 14 shows the results of at, evaluat o- madc of 0. 063-in
thick AASI 4340 steeil sheet specimens f-r sandav .t-...e properties and
fracture properties This mater-al was heat tre ried to a nominal strength
level of 280,000 psi (tempered a' 400 F) Two zor,. of shea,--cracked
specimens were used. the u-ual type-as appears n F;guret 2, and a few
specimens that were "flattened" aftei ehear-crack.ng to remove the
protrusions and the discontinutty in the shce* plane. Both types of
shear-cracked specimens indicated iL' same rather broad transition
range. The best estimate of a "transitjon temperature" is aboat 75" F,
on the basis of the two criler!'., net fracture stress and fracture appear-
ance. The "strain-aging effect," at a temperatt.re of about 350' F, was
quite pronounced. The "flattened" specimens were slightly more sensi-
tive-showed lower net fracture stress---than the "sandard' bht-iat -

cracked specimens.
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/This figure shows the results of an evaluation of shear-cracked
specimens of 0. 12 0-in. - thick, vacuum remelted, AISI 4340 sheet, oil-
quenched from 1600' F and tempered 2 hr at 420 F. 4 Because of the
limited arount of sheet stock available, no standard tensile specimens
were prepared; the shear- cracked specimens used were 1. 87 in. wide.
The crack- propagation transition temperature for this material, as
shown by a sharp decrease in net-fracture stress and in percent shear,
is about 00 F. These data will again be used to compare with burst
properties of 4340 steel model vessels, at the same strength level.

4
This material was decarburized at some point in the production of the
sheet, and the nominal strength level obtained by the indicated heat treat-
hent was in the' rro of 24n, r fo-262 r s00 nai
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2. Aluminum Alloys

.. Aircraft structures, .fabricated from aluminum alloys, may be
exposed to certain service conditions that impose sudden heating and
stressing. Information is needed on the resistance to crack-propaga-
tion of aluminum structural sheet alloys under these sinmulated service
conditions. Four aluminum alioys-7075-T6, 7079-T6, 2024-T86, and
X2020-T6-have been evaluated to determine the effects on fracture

- - . Iproperties of very rapid stressing following two diffrere,|L ituaizig WIdi-
tionq-heating very rapidly to temperature and immediately loading to
failure or heating to temperatire and holding for 30 min before loading.
Both standard tensile properties and fracture properties were determined
fur each experimental condition.

The standard tensile specimens and crack-propagation specimens
were prepared from 0.063-in. thick sheet samples of the four alloys,
which were obtained in the heat- treated condition from the Aluminum
Company of America. The shear-cracked specimens were 1. 5 in. in
over-all width, the crack-length to specimen-width ratio being about
0.38.

The experimental conditions used for each alloy were as follows:
temperatures of 750 F, 2000 F, 3000 F, and 400 ° F; holding times at
temperature (before loading) of 0 sec and 1800 sec; time to reach
tcmpcrature-4 sec; strain rate of 0. 1 in. !in. /ser This strain rate
was such that the 0. 2%-offset yield strength of standard tensile spcci-
mens was reached in 0. 1 sec or fracture of the crack-propagation
specimens was produced in.about 0. 1 sec.

The specimens were loaded to failure in the Southern Research
Institute rapid tensile machine. Heating was effected by means of
radiation lamps, which were regulated by thermocouples flash-welded
to the specimen and operating through a temperature controller.

Fracture properties were determined for all conditions of temp-
erature and holding time with shear-cracked sperimens.

All of the data are presented in tables and graphs as shown below:

Alloy * Properties Table No. f Figure No.

7fl75-T8 Standard tensile 23 17

7075-T6 Crack-propagation 24 17

.OUrfhCRN OtSEARCH INSTI"ULT
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Alloy Properties Table No. Figure No.

7079-T6 Standard tensile 25 18,

7079-T6 Crack-propagation 26 18

2024-T86 Standard tensile 27 19

2024-T86 'Crack-propagation 28 19

X2020-T6 Standard tensile 29 20

X2020-T6 Crack-propagation 30 20

These data tables are given in Appendix A. The figures (17- 20) showing
comparative standard tensile properties .-nd crack-propagation properties
for each of the aluminum alloys, with a discussion of the results, follow
immediately. (In a subsequent section, a comparison will be shown of
crack-propagation properties obtained with the shear-cracked specimens
and with fatigue-cracked specimens of the four aluminum alloys, loaded

to failure in 0. 1 sec.)

.

'"
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As is shown in Figure 17, the standard tensiie properties of
the 7075-T6 alloy decreased steadily with int, ea-ing temperature
In the range from 2000 F to 3000 F, ultimate strength of the samples

f. held for 1800 see at temperature before loading was slightly higher
than the zero-holding-time specimens, but at 400 F this trend
reversed probably as a result of over-aging. At room temperature,
the fracture strength wa, somewhat below the yield strength, reflect-
ing a moderately brittle condition of.this alloy. As the temperature
was increased above 75* F, the fracture strength approached the
yield strength, and at about 250 *F, the full yield strength of the
material was realized even in the presence of the crack-likc defects
represented by shear cracks. The fracture strcngth of the shear-
cracked specimens held for 1800 sec at tei.iperature before loading
increased with increasing temperature.
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Figure 19 shows the comrparisun of tensile and fracture properties
for the 2024-T86 aluminum. Increasing temperature produced a mod-
erate and almost linear decrease in standard strength properties of
this material. Fracture strength, which was above the yield strength at
room temper~tvre, fell below the yield strength in the range from, -ZOO F
to 300* F and was equal to the yield strength at 400' F. There were no
pronounced effects of holding time on the strength properties of this
alloy at temperatures up to 3000 F, but at 400 ° F there was a slight
amount of over-aging as indicated hy tle decrease in yield and ultimate
strength with increasing holding time.
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The tensile and~ fracture properties of X 2020-T6 are shown in
Figure 20. The reduution of tensilc sti'ezigth properti.es resulting from

/ 30 mai holding time at temperature was slightly more pionounced in~
/" the X 2-020 T6 alloy than in the othcr aluminum alloys. The fracture

strength, which was not appitciab~y affected by holding time, w R

well below the yield strength at termpcratures below about 400 ° F. The
X 2020-T6 was, on this basis, the most "brittle" of the four alloys.
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B. Evalu.ation O'f Modei Pressure VessrclS

The ultimate aim of the crack-propagation test is to predict thP
service performanue of missile motor cases and other structures exposed
to complex stress states. One important phase of this investigation has
been concerned \uiLh correlating crack- propagation properties, as
measured with cracked specimens, with burst properties of model
pressure vse's fabricated of !he same inatcrial. Two high-strength
steels were used in this investigation-AISI 4130 and AISI 4340. The
model vessels fabricated from these steels were seamless, having been
formed entirely by drawing and spinning techniques. In such form, the
vessels contained no stress-concentratir, g defects such as are often pro-
duced by joining operations. Therefore, the burst properties of these
vessels, in which the effects of fabrication were kept to a minimum,
represented more nearly the inherent biaxial strengths of the materials

themselves.

The maximum hoop-stress values and fracture appearance data
for the model vessels are given in the data tables and graphs as shown:

Table Figure
Vessel Material No. No.

AISI 4130 - 200, 000 psi strength level 31 21 & 22
AISI 4130 - 240,000 psi strength level 32 23
AISI 4340 - 240,000 -262,000 psi strength level 33 24- 27

The data tables appear in Appendix A. The figures, showing burst
properties of the vessels and tensile and fracture properties of the
comparative sheet specimens plotted as functions of temperature are
presented in the following sections. Brief discussions of the results
are also given, and photographs of some of the fractured vessels are
shown.

/

/

-.. ,I.
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Figure 21 shows the burst strength and friacture appearance data
for the 200,000 psi strength 'cvcl AISI 4130 steel vessels and the
standard- tensile and crack- propagation data obtained with shcet speci-
mens of the same nominal strength Level. Hoop stress at burst generally
dcci eased with increasing temnperature, and no fracture- stress transition
temperature was evident for the vessels.

As is shown in Figure 22, the 4130-steel vessels, in this ductile
condition, deform*ci considerably before fracture. particularly at room*
temperature and at elevated temperatures. Tn the vessels fractured at
-105* F and -160* F, the fractures extended into or completely through
tha end closures, indicating that some rapid, low-energy extensions of
the fractures occurred at those tempcrntures.. These fractures that
extended into the thicker end-c'lostite regions were characterized by
increasing tendency toward brittle fraicture, becoming fully hritillp (flAt

I /tensile) in the thickes t portions of. the end closures.

SOU?14(AIN RESEARCH INSTITUTE
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Data presented previously (Figure 8) have shown that AISI 4130
steel (0. 040-in. - thick sheet) heat treated to 240, 000 psi strength level
(tempered at 4000 F) has good fracture toughness and a low transition
temperature, -150* F. In view of these properties, it was thought
advisable to evaluate a few 4130 steel vessels at the 240, 000 psi strength
level to determine the biaxial properties of this material.' The-results
of this evaluation and the comparative properties of shear-cracked
specimens and standard tensile specimens, prepared from '0. 100- in. -
thick sheet, are shown in Figure 23. On the basis of these few data,
it is evident that the biaxial strength of this material is excllent--
essentially 300, 000 psi at room temperature and at -105' F. There
was a wider spread of burst strength values at - 105* F than at 750 F,
but there are insufficient data to take this as an indication of a tendeney
toward "brittleness. " However, the fracture -appearance data for the
vessels do indicate a possible tendency toward brittleness at -105' F.

$OUTHFON RESCARCH IN*TirUlt
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Here are shown the results of the evaluation of the AISI 4340
steel (vacuum remelted) vessels and the comparative data obtained
with shear-cracked specimens from the same sheet stock as the vessels.
Originally, it was plannect to evaluate 4340 model vessels heat treated
to two nominal strength levels-- 180, 000 psi and 290,000 psi. However,
it was found that Lhe vacuumn-remelt 4340 sheet stock, from which the
vessels were formed, had been decarburized to a considerable degree
at some stage in the processing of the'sheet. Since the 290,000 psi
strength level could not be attained with the decarburized stock, it was
decided to use one heat treatment for all of the vessels. The vessels
were Lardened andl th2en teinIt red -at 425* F, this treatment producing a
raflsT idf nominal strensyth fC"- 24nl MA rGi fn' 9R'J O nq- i-

tensile bars
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Because of tise limited amount of sheet stock available, vesselsfabricated fro.n the 4340 stock were of smaller diameter (3. 52 in.

than were..,m' 4130 vessels (5. 21 in. ) descried previously and shown'.7
in Figure 3. he length of te cylindrical section of the 4340 vessels

was approximately 9. 5 in. , and the nominal wall thickness was 0. 095 in.
Burst properties of these vessels were determined at three temperatures,
750 F (si.x vesscls), -20 ° F (six ve.:sels), and -105* F (seven vessclz).

As is shown in Figure 24, the highest and most consistent values
of biaxial strength were obtained at -20* F. Because of the much wider
spread in burst strengths ohtained at -105* F, together with the generally
lower values at -105 ° F, it is probable that -20 ° F can be taken as an
approximate "transition temperature" for the vessels. The same trend \ /
is reflected in the fracture-appearance data for the vessels. It is
interesting that the net-fracture-strength data and the fracture-appearance
data obtained with shear-cracked specimens also tend to show a transition
from ductile to brittle behavior of this 4340 material in the same general
temperature region, specifically at 00 F for the shear-cracked specimens.
It should be pointed out that the 20-degree discrepancy between transition
temperatures for the vessels and the shear-cracked specimens may be
due in part to a thickness difference. The shear-cracked specimens were
prepared from a piece of the original sheet stock from which the bottles
were formed, this stock being initially 0. 120 in. thick. The final thickness
of the vessel walls was 0. 095 in. It might be expected that the shear-
cracked specimens would exhibit a slightly higher transition temperature
than the thinner material of the vessel walls (4).

On the basis of these limited data presented in Figure 24 for the
AISI 4340 steel, it sccms cvidcnt that there is, to a significant degree,
a corr i,,tc.. ',,e burst properties of the vessels and the net-
fracture-strengtn-uata and fracture-appearance data obtained with
crack-propagation specimens. These comparative data show that at
temperatures below 0* F there is much greater probability of premature
failure of the vessels at relatively low applied stresses even though
these vessels are relatively free from fabrication defects such as might
be present in weld zones. rhe detrimental effects of such fabrication
defects as are sometimes present in welds on the biaxial strength of ultra-
high-strength sheet materials has been recently demonstrated by other
investigators (9).

Pntngr-ipha nf qrom e tynpP! fra,:tred 4. 40 ntccl "c'rciz arc ahown
in Figure 25, (for the experiments at 75 ° F), Figure 26 (-20 ° F), and
Figure 27 (-105* F). One of the vessels, B-14 (Figure 27 burst in a

$OUtWIRN MR9tAiC W *N&TITAk



Figurw 26, Typical vensetu or AISI 4340 steel (240.000-22.000 pai
nominal strength level) trartu red at 75* P.
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Figure 27. Typical vessels of AL91 4340 steel (240.000-262,000 psi
nominal strength level) fractured at -105' P.
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rather "tvpica!ly- btittle manner at -105" F, at a hoop stress of 269,000
psi. In this "brittle" failure, circumferential extension of the fracture,
just above the center of the vessel, cut the vessel in two. This portion
of the fracture was almost completely cleavage (flat tensile), whereas
f..e wai.,, longia.na fracture in his vessel was 60% shear. It is

interesting that. at each temperattire, the lowest burst strengths were
obtained with vessels that exhibited "smooth" fracture surfaces, consisting
largely of shear, but with the fracture extending in one plane in one
direction from the point of initiation in the wail and in another plane in
the Other direction from the initiation point. In the vessels with the
highest burst strengths, the fracture surfaces on each side of the initia-
tion points tended to altcrnate from one plane to another, creating a
"serrated" effect. These phenomena are evident in the photographs of
the vessels, Figures 25-27.

It has teen stated that the 4340 sheet stock, from which the bottles
were formed, was known to have'been decarburized to a significant, but
variable, extent. To give added insight into the behavior of the 4340
vessels, a limited metallographic examination of samples of the vessels
was made to determine the degree of decarburization near the point of
fracture initiation of each vessel. Inclusion counts were also made on
these sampIcs. Samples, adjacent to the metallographic samples, were
obtained for chemical analyses for phosphorus, sulphur, and residual
gases-oxygen, hydrogen, and Aitrogen. The results of these examina-
tions and arnalyses are presented in Appendix B. p. 108.

C. Effects of Experimental Variables on Crack-Propagation Character-
istics of Sheet Materials

Certaia environmental and material variables have been shown to
have a controlling effect on the mechanism by which very high strength
materials will fail. Some data have been presented on the effects of
sheet thickness (4). and some rath.r extersiv. investigationi have been
made of the effec's of nominal strength level on crack-propagation
characteristics (5). Some very limited data are available showing the
infiluence, or relative lack of influence, of loading rate on crack-
propagation properties (4). In very brief summary, it can be stated
that generally these investigations have shown tha. increasing sheet
thickness and increasing nominal strength level both tend to increase
the probabilitv of brittle fracture. It might he expected that inrenting

the loading rate would, by dynamic elevation of the yield strength, also
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increase the probability of brittle fracture, although apparently little
experimental evidence has been obtained to sobstantiate this latter
conjectu re.

In thJL; investigation, the effects uf these three variables have
been toucherd upon to a very limited degree. In the following sections,
use is made of crack-propagation data already reported in Section IV-
A to show the effects of two different tempering temperatures and two
different sheet thicknesses on the fracture properties of AISI 4130 steel.
Some additional data were obtained for 17-7 PH and AM 350 steels at a
very fast loading rate, and these data are compared with the slow-
loading-rate data from Section IV-A to show the effects of two different
loading rates on fracture properties.

1. Effcct of Loading Rate on Crack-Propagation Characteristics

The two sheet material selected for this study were the austenitic
or semi- austenitic, precipitation- hardening stainless steels-17-7 PH
and AM 350. Since these materials are characteristically rather unstable,
it was believed that they might be responsive to changes in strain rate.
Two different types of crack-propagation specimens were used in these
experiments. For the AM 350 sheet, shear-cracked specimens and
fatigue-cracked specimens were used; for the 17-7 PH sheet, fatigue-
cracked bpeitniens only were used. '1he fatigue-cracked specimens
were prepared by axially fatigue -loading specimens with sub-size shear-
cracks (0. 40 in. long) until the cracks had extended to the desired length
(about 0. 60 in. over-all).

The sampIcs were loaded to failure within 0. 1 sec, in the Southern
Research Iristitutr rapid tensile machine, within the same general

temperature range used previoasly to obtain the slow-loading rate
data. The two nominal loading rates used were rather widely disparate,
being about 1 x 103 psi/sec and 2 x 106 psi/sec.

The properties obtained for these two alloys at the fast loading
rate are shown in Tables 34 and 35 for the AM 350 and Table 36 for the
17-7 PH. The comparative slow-loading-rate data, obtained with
fatigue-cracked specimens, appear in Table 35A for the AM 350, and in
Table 37, for the 17-7 Pi. These tables appear in Appendix A. The
effects, of loa(ing rates are shown graphicaly in Figures 28. 29. and 30.
which follow
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Figure 28 shlows the effect of the twu different loading rates on
shear- cracked specimens of AM 350 sheet (SCT - 850 condition, 0. 040
inl. thick). Apparent.ly, greatly increasing the loading rate had the
effe .t of decreasing the brittle-to-ductile transition temperature of this
alloy. The effect is evident for both the net fracture stress and the
fracture appear'ance.
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Figure 29 compares the effects of the two loading rates using
fatigue-cracked specimens of the AM 350 sheet (SCT - 850 condition,
0. 040 in thick). Here, generally the same results are shown as in
Figure 28, for shear-cracked specimens: a lowering of the transition
temperature with increased loading rate.
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The effect o~' increasing the loading rate for 17-7 PH (TH 1050)
sheet was to "sharpen" the net-fracture- stress transition temperature
and to increase slightly the fracture -appearance transition temperature.
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2. Effect of Tempering Temperature on Transition Temperature
of AISI 4130 Steel

It has already been mentioned that considerable data have been
obtained showing that heat treatment (nominal strength level) has a pro-
nounced influence on the crack-propagation properties of high-strength
sheet alloys. Generally, the higher the nominal strength level, the
greater is the notch sensitivity of the material.

There are certaia exceptions to this general. rule. Srawley and
Beschem (6) reported exceptions in the case of a low alloy steel, AMS
6434. Another such exception was evident in this investigation for
AISI 4130 steel.

//

//

//
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In the above figure, net-fracture stress data and fracture-
appearance data, obtained with shear-cracked specimens of 0. 100-
in. -thick AISI 4130 steel at two strength levels, are plotted as a
function of test temperature. The two nominal strength levels were
200,000 psi (obtained by tempering at 825* F) and 240,000 psi
(obtained by tempering at 4000 F). Here, it is evident that the higher
numinal-strength-level material had the lower brittle-ductile transi-
tion temperature.
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3. Effect of Sheet Thickness on Transition Temperature of AISI 4130
Steel

1'j1111-44J - 44
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In Figure 32, the crack- propagation properties of two different
thickneone-fl ,040 in. and 0. 100 in. -- of AIST4130 sheet, at the 240000
strength level, are compared; shear.-cracked specimens were used. As
wuuid bet. exp.evied. the thinner sheet samples showed the lower transition
temperature.

D. In Fiure of Crack-Propagation C pOatiied ofth Different T
of Specimens

It was one of the purposes of this investigation to attempt to
establish the validity of a relatively simple, inexpensive laboratory
specimen for assessing the fracture toughness of various high-strength

an extremely promising design from the standpoints of ease of production
and uniformity of notch dimensions. It was then necessary to check its
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validity by a direct comparison of data obtained with shear-cracked
specimens and with other specimen designs generally accepted as

Some directly comparable data were presented in Section IV,

C-I of this report for shear-cracked specimens and fatigue-cracked
specimens of AM 350 sheet fractured at a fast loading rate. This
comparison showed that very similar crack-propagation data were
obtained with these two types of specimens. In the remainder of this
section, additional data, obtained with fatigue-cracked specimens of
a number of sheet materials, will be compared with data obtained
with shear-cracked specimens of the same materials. The shear-
cracked-specimen data were utilized previoi.isy in the section on
"Evaluat-on of Crack-Prupagation Properties of Sheet Materials."

The materials for which fatigue-cracked specimens werp obtained
-- ire ab follows:

Material Sheet Thickness, In. Condition

AM 350 0. 040 SCT-850

17-7 PH 0. 040 TH 1050

7075 Al 0.064 T-6

7079 Al 0. 064 T-6

2024 Al 0.064 T-86

X 2020 Al 0.064 T-6

AISI 4130 0.100 Oil-quenched from 1700*F, tempered
at 825* F for 1 hr

The specimens of the thinner sheet materials were fatigue-cracked at

,,, ISouthern Research Institute. The AISI 4130 steel specimens were
cracked at the Navy Air Material Center, Philadelphia, through the
courtesy of Mr. F. S. Williams.
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Th:! cr'ack-pi'upagation data obtained with the fatigue-cracked
specilisirs are shown in tables~ (Appendix A) and arc presented in
graphs v.ith the compaal data from shear-cracked specimens.
TJhe tables and graphs are identif-l'd in the following list-

Shee~t Material Tah~e No. Figure No.

AM% 3 50 35A 33

17-7 PH 37 34

7075-T6 Al 38 35

7079-,16 A., 39 36

2024-T86 Al 40 37

.x2020--16 Al 41 38

ALSI 4130 (200,000 psi level) 42 39

The figures showing the comparative data for fatigue-cracked and
shear -cracked specimens. of the above materials appear in the
following pages.

N*II ,
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It is felt that the data presented in the foregoing figures show a
good degree if correlation bctween the shear-cracked and fatigue-
cracked specimens for these materials.

It should be noted, at this point, that a comparison of three types
of crack-propagation specimens has been undertaken jointly by the NASA
Lewis Research Center and the Naval Research Laboratory. The
specimen-types are: sharp edge notched (NASA), central fatigue-cracked
(NRL,), and shear-cracked (SRI). Three materials are being used, all
nominally 1/16 in. thick-an 11-11 steel, Type 301 stainless steel(70%
cold reduced), and an all-beta titanium (B 120 VCA); two specimen widths
were chosen-I in. over-al!, and 3 in. over-all. Some of the data
obtained ih. this joint effort have been reported (7, 8) for the H-11 steel
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ari the 3011 steel. The res'ilts of the comparison with the B 120 VCA
are not known. In general, this comparison tends to show that the

shear- cracked spev iiien is equ aleut in scnsitvity to fatigue- cracked
specimens or H-1l steel and equivalent to or superior to edge-notched
specimens of th- TI-11. The shear-cracked specimen is less sensitive
than the oth:er two types ofcra.k--prpagation specimens for the cold-

orked 301 stee .i~,

V. CONCLUSIONS

1. Comparisons made of the crack-propagation characteristics
and biaxial strengths of two high-strength sheet materials have indicated
that the cracked or notched sheet specimen may be useful for predicting
tie biaxial strength properties of materials heat treated to very high
ttrength Itls (probably greater than*250,000 psi). At strength levels
beiow about 250,000 psi, it seems probable that the properties obtained
with the sheet-type crack propagation specimens do not reflect the biaxial
strength properties of these materials.

2. Evaluations of four aluminum sheet alloys for aircraft applications,
made ,,nder highly specialized conditions of heating and loading, have
furnished a basis for rating these materials as to their rela tive resistance
to crack- propagation. Of the four alloys evaluated under these conditions,
the X 2020 '6 vas found to be the most "brittle, " the 7079-T6 wns found
to be the least "brittle," and the 7075-T6 and 2024-T86 were intermediate
in properties between the other two alloys.

3. In an imvcstigation of the effect of sheet thickness on the crack-
propagation characteristics of AISI 4130 steel, it was found, as expected,
that increasing the sheet thickness tended to increase the transition
temperature of the material.

4. The effects of two'widely different loading rates on the crack-
propagation properties of two rather unstable precipitation-hardening
alloys-AM 350 and 17-7 PH-were investigated. It w9s fceind that a
large increase in loading rate apparently may either increase or decrease
the tratisition temperature of this class of materials, depending upon the
characteristics of the individual materials.

f.,-t,,,,." RI A,,CM N,,, IU(, , '
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5. Comparisons made with shear- cracked specimens and fatigue-
cracked specimens of seven sheet alloys have zl.uiA that gene rally very
similar crack- propagation properties are obtained with these two types
of specimens.

SOUTHEN NWSIbARCO. 'f46IYL'
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APPENDIX A

* Daa i'~1caC-n a ining Standard Tensile, Properties and
Ci'ack-Propagaion Properties or sheet. Specimens and

thte Burst Properties iut Model Pressure Vessels
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Tahte 3

rcnsile .Properties of Hteat-ITreated' AMS 6434 Steel .Shcet~at Different
-hrnperaturvs, arid at a Nominal Strain Rate. o- 00001 in. fi.Isvc

Specimiens Heated to ElevatedTest Temnperatu re Within 10 Sec and Held
for 10-Sec ,Before Loading

0. 205o-Off se t' Ultimate Elung.
T e mp. Yd Str Str. in 2 in.

* KSI __

-155 228.0, 269.0 8.0

-140 231.5 - 274.5 5.5

-100 227.0 268.0 7.0
-100 225.0 - 270.0 7.5
Avg 220.0 269.0 7.3

0 220.0-- 261.0 7.0

75 203.0 245.0 6.0
75 208.5 249.0 6.0

Avg 205. J 247.0 6.0

ibo ZU9. U 250.5 U.

250 207.0 252.5 6.0

-300 214.0 266.0 6.0

*350 213.0 -272.0- 6.0

400 208.0 .- 255.0 7.0

.450 179.0 228.0 6.5
450 180.0 228.0 7.0

179.5 . 228.0 6.8

600 166.8 202.0 7.5
600 167.0 208.5. 7.0

*.166.9 205.3 7.3

Austenitized at 1620o F for 30 min (argon), oil quenched, tempr-red
at 400' F for 2 hr.

2Longitudinal specimens miith .age..sections 2 in. long, 3/8 in. wide and]
0. 064 in. thick.
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Table 4

Fracture Strength of Cracked Heat-Treated AMS 6434 Steel Sheet'
at Different Temperatures

bpecimens Loaded to Failure at a Free Crosshead-Travel Rate

of 0. 01. In. rin

Temp Net Fracture Fracture Appearance,
* F Stress, KSI Percent Shear

-200 80.0 5
-200 94.0 5
Avg 87.0

-175 119.0 10

-150 134.C 40
-150 119.5
Avg 126.8

-125 211.0 95

-100 212.0 100

0 218.0 100

75 203.0 100

150 207.0 .100

250 187.0 100

300 176.0 100

400 172.0 100

500 199.0 100

600 196.0 100

I Austenitized at 1620" F for 3 min (argon),oiL quenched; tempered
at 400" F for 2 hr.

2 Shear-cracked specimens (longitudinal); overall width 1 1/2 in.;

thickness 0.064 in.; crack-length to specimen-width ratio 0.35.

S.O It.4rrnl I&L (ANCN NY ITITE
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.Tatle 5

Tensile Properties of Heat-Treated' 300 M Steel Sheet2 at Different
Temperatures, and at a Nominal Strain Rate of 0.0001 in. /in. /sec

Specimens Heated to Elevated Test Temperature Within 10 Sec and Held
for 10 Sec Before Loading

0. 2%-Offset Ultimate Elong.
Temp. Yld. Str. StL. in 2 in.

F KSI _

-150 265.0 283.0 2.0

-100 262.0 287.0 6.0

0 250.0 278.0 3.0

75 257.5 285.0 3.0

150 258.0 295.0 4.5

250 235.5 273.0 4.0
250 234.0 278.0 5.0
Avg 234.8 275.5 4.5

330 239.0 295.0 4.0

400 243.0 286.0 4.5
400 235.0 281.0 3.0
AVLr 239.0 233.5 3.8

500 218.5 259.0 7.0
500 213.0 259.5 4.0
500 214.0 270.0 3.0

215.2 262.8 4.7

800 208.0 242.0 5.0

800 .151.0 183.0 5.5

I Austenitized at lCC.;' 0 F ror 30 min (argon). oil-quenched. double
tempered at 600* F for 3 hr each cycle.

2 Longitudinal specimens with gage sections 2 in. long, 3/8 in. wide
and 0, 080 in. thick.
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Table .6

Fracture Strength of Cracked Heat-,rreated' 300 M Steel Sheet
at Different TernpcratureS

Specinmens Loaded to Failure at a Free C rosshead-Travel Rate
of 0.01 in. fmnn

Terrip Net Fracture Fracture Appearance,
F___ Stress, KSI Percent Shear

-200 51.4 0

-80127.0 45

0137.5 60

301 142.2 65

75 140. 3 78

150 147.3 100

2 50 102 100

350 111.4 100

450 103.0 100

600 113.5 100

800 164. 0 100

L Austenitized al 16-00" F for 30 m~ (atrgun), oil quenched; double
tempered at 600" V' for 3 hr t'ach oycle.

2 Shear-cracked specimens (longitudiiial); ove.rall width 1 1/2 in.
thickness 0. 000 in.; cra k-lnl to specinien- width ratio 0. 35.
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Tlable 7

Fracture Strength of Crack-:d Full-Miard' Type 301 Sta,rnless Steel Shee t2

at Different Temperaitures

Specirneli ILoaded t!n ':ailure at a Free Crosslhcad-Trravel Rate
of 0.01 ini.lrmnn

Temp Net Fracture Fracture Appearance,
____Stress, KSI Percent Shear

-200 178.0 100
-200 180.5 100
Avg. 179.3 100

0. 175.0 100

75 174.0 100
75 1U.0 .100

Avg 172.0 100

150 170.0 100

250 110100
250 154. 0 100

Avg 157.5

350 153.0 100

450 147.0 100
450 146.5 0

Avg 146.8

600 141.0 100

Avg 141.0-

1Fifty-percent cold-reduced.
Sawhar- ctacked specimens (longitudinal); overall width 1 1 /2 in.;
thicknesm 0 ')46 hii. crack-lenwfh fn annrima-w ,~wts, -- #in 0. ?5.
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TIable 3

Differen~t Tvimrcpraturesi, anc' at a-Norninal Strain-Rate of

0. "'" -Orfset Ultirnate Elong.
Tenip Yld. Str. Str. in 2 in.

I..~KS _____________0__________

-200 2,15.5 268.5S 6.0

-150 229.5 25-3. 0 5.5

-100 226.0 247.0 5.5

75 211.0 239.5 4.5
75 210.0 242.0 5.5

210.5 240.8 5.0

150 206.5 241.5 4.0
150 201.0 241.0 4.0

203.8 241.3 4.0

250 200.0 242.03.0

300 205.0 247.0 6.5

350 203.5 253.5 3 , 5 3
350 108.0 256.0 40

2,00. 8 254.8 3.8

400 1R7. 0 240 5 6.5

500 .177.0 218.0 6.5

600 158.0 186.0 6.0

800 122.5 131.0 5.0

I Atistenitized at 15700 F 30 min (argony, oil-quenched. tempered at
400 *F foi- 2 hr.

2 Loingitiidinal specimenb witli gage sections 318 in. wide, 2 4n. long
and 0.042 in. thick,

3 Specimen fractured at gage poirnt.



Fraicttae Strongth of Cravicec Heat-Treated AISI 4130 Steel2
-I! fifffer -nt Ternpe1'aturvr,

Specin-&tis Loaded to Failure at a Free Crosshead-Trav.'1
Rate of 0. 01 in. /min

Temp Net Fracturr Fracture Appearance,
oF Stress FKTPerc:!rt Shear

-225 186.5 90

-200 105.5 95
-200 197.0 95
Avg 196.3

-150 222.5 100

-100 218.0 100

0 212.5 100

75 200.0 100
75 202.0 100

Av~z 201.0

150 i83. 0 100

250 174.0 100

350 152.0 100
350 155.0 100

Avg 153.5

450 176.0 100

600 192.5 100
600 189.*0 100
Avg 190.8

800 142.0 100

I Austenitized at 1570* F for 30 min (argon); oil quenched; tempered at
4000 'F for 2 hr.

2Longitudintl shear-cracked specime~ns; overall width 1 1/2 in.. thickness
0. 042 in.;, crack- iength to specimen- width ratio 0. 35.
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Table 10

Ttet.:il Prperties of Heat-Treated' AM 350 Stainless Steel Sheet 2

nt~~ ~ Difrn e ratures and at a Nominal Strain aeo
3. 0001 ill .4iv. /set:

0. 2%/-Offset Ultimate Elong.
Temp Yld. Str. Str. in 2 in.

*F KSI wi

-200 213.5 222.0 16.5

-150 200.0 222.0 16.5
75 188.5 24018.0

0 168.8 188.5 15.5

75 174.0 196.0 12.0

150 162.5 187.5 9.5

250 156.0 183.0 9.0

360 178176.5 8.0

450 140.8 174.5 8.0

600 136.0 Ica. 2 8.5

800 190170.0 8.5

S olution- treated'at 1725~ F for 30 min (argon), water-quenched;
refriperated at -105' F fer 3 hr. aged at 8500 F for 3 hr.

Liiipittdiinal -u,p-cavi4s with gage. sections ill. long, 3/8 in. wide~,
n...d ill *~ Ik
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Table 11

rarriu,' e _'tf !t : ," ,, -C 'a, k d Ih, at-T'ceated AM 350 Sheet2

l DIff,-r'ent Tcnipertntres

Specirn4n- Ioadod to Failure at a Free Crosshead-Travel

Hlta of 0.01 in. 1min

"r,:np Net Fi 'tue Fracture Appearance,
F Stre:;s, KSI Percent Shear

-215 99.0 0

-200 109.0 0

-110 145.0 40

-100 169.0 95

- 50 199.5 100

0 199.0 100

75 190.0 100
75 187.5 100

Avir 188.8

150 183.5 100

250 176.5 100

350 172.0 100

450 159.5 100
450 158.0 100

Avg 158.8

600 149.0 100

800 138.0 100
800 145.0 100

Avg 141.5

I Solution treated at 1725' F for 30 min (argon), water-quenched;
refrigerated at -105* F for 3 hr- aged at 850" F for 3 hr.
Shear-cracked specimens (longitudinal): over-all width 1 1/2 in.;
thickness 0.040 in.; crack- length to specimen-width ratio 0.35.
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Table 12

Tensile Properties of Heat-Treated1 17-7 PH Stainless Steel Sheet2

at Different Temperatures, and at a Nominal Strain Rate of
0.OODl in. fin. /see

0. 2%-Offset Ultimate Elong.
Temp Yid. Str. Str. in 2 in.

F KSI Ire_

-150 195.5 208.0 9.0

-100 183.5 190.5 2.5

0 168.5 179.5 8.5

75 179.0 184.5 8. 0
75 175.0 184.2 8.0

Avg 177.0 184.4 8.0

150 177.0 184.0 8.0

250 181.5 189.0 5.0

350 164.8 172.0 4.5

400 165.0 172.5 4.0

500 158. 5 167.4 3.5

600 152.2 159.8 &.0

800 132.0 139.5 4.5

'TI 1050 condition: 1400* F for 90 min; cooled to 50" F for 60 min,
held at 1050. F for 90 min.

2 Longitudinal specimens with gage sections 3/8 in. 'wide, 2 in.. long.
and 0. 040 . n. thick.

3 Specimen fractured outside gage section.
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Trable 13

Frnett, vCJ r e-!-? .f,,: , f ."_ a' Cracked 17 -7 P111, StitillIV .. iteci Sheet"

at r)!fcrent Temper'itu r(

Spo'(imens Loaded to Failure at a Free Crosshead-Travel

Itate. of 0.01 in. /min

Temp Net Fracture Fracture Appearance,
o F Stress, KS! Percent Shear

- 200 87.5 0
-200 94.8 0
Avg 91.2 0

-150 111.0 0

.100 130.5 0
-100 134.5 0
Avg 132.5

0 154.0 10

75 166.0 30
75 167.8 30

Avg 166.9

150 177.0 65

250 177.5 85

350 167.5 100
350 166.5 100
Avg 167.0

400 170.0 1.00

450 163.5 100

500 155.5 100

146.3 100

SOUT04IrR? RE O19%CA H INSTITt, l



" " ,f l r". " • --

II

-73-

"[1l)h, 1 3 (Continiued)

Fracture Srvrigi.h (if Shear-Cracked 17-7 Pill Stairie .u ste! Sheet
at Different Temperatures

Specimens L- aded to Failure at a Free Crosshead-Travel
Rate of 0.01 in. /min

Temp Net Fracture Fracture Appearance.
§ F Stress, KSI Percent Shear

800 142.0 100
800 142.0 100
Avs, 142.0

1 TH 1050 condition-- 1400* F for 90 min; cooled to 50" F for 60 min;

held at 1050" F for 90 min.

2 Shear-cracked specimens; over-all width 1 1/2 in.,; thickness 0.040

in.; crack-length to specimen-width ratio 0.35.

SOUTHI N 0.gLANCl4 INU.ITUTJIT
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Table 14

Tenisile Prope~rties or Jit-gt-Tre.ated'AISI 4130 Steel Sheet2

at Ditierent Teirnfrrittireq and at ;a Nomin'al Strain Rate of
* 0. 0001 in. /in. Isec

0. 2%/-Offset. Ultimate Elong.
Temp Y!d Str. Str. in 2 in.

F __ __ _ __ _

-150 197,.5 210.0 5.5

-145 192.5 207.0 2.0

-100 189.8 210.0 .5.0
-100 195.0 215.0 4.5
Avg- 192 4 212.5 4.8

-50 187.0 209.5 6.5
-50 197.5 204.5 5.5

Avg 192.3 207.0 6.0

75 184.8 203.0 4 5
75 180.0 .198.8 4.5

Avg 183.4 200.9 4.5

150 177 3 197.4 4.5
150 183.0 200. 5 4.0

Avg 180.2 199.0 4.3

250 1tSJ.0 * 189.8 4.5
250 174.5 194.5 4.0

Avg 168.0 192.2 4.3

350 168.8 194.8 5.0
350 167.8 . 190.8 5.0

Avg 167.3 192.8 5.0

450 164 5 190.3 7.0
450 . 161. 5 190.3 6.5
Avg R.4 fl i Qfl mtt
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T~ht14 (Continued)

Tensile Properties of Heat-Treated' ANS 4130 Steel ShePt 2

at Different Temperaturrs and at a Nominal Strain Rate' cf
0.0001 in. /in. is-

0. 2%r/-Offset Ultimate Elong.
Temp Yld. Str. Str in2ini.

600 151. 0 179.5 11.0
600 145.0 175.0 10.5

Avg 148.0 177.3 10.8

Austenitized at 1700" F for 68 miti (nteutral atmosphere).
toil-quenched; Lumezrred at 825~' F fur 1 hr.

2 Stnindard tensilr- rpeecimvn,4 with gage sertionct 2 in long.
0. 375 in. wide, and 0. 100 in. thick.
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Table 15

Fracture Strength uf Shear-Cracked Hent-Treated! AII 4130
Steel Sheet2 at Different Temperatures

Spccimcns Loaded to Failure at a Free Crosshead-Travel Rate
of 0. 01 in. /min

Teuip Net Fracture Fracture Appearance. Kcj Kc 3
F Stress. KSI Percent Shear KSTI i 7s KSIn

-150 85.5 0 - 83.0
-150 86.0 0 82.5 84.0
Avg 85.8

-120 145.0 5 - 150.5

-85 162 0 40 181.0

-50' 135.0 100 --

-50 181.5 100 - 231.0
Avg 183.3

75 171.5 100, 201.0 229.0
75 172.1 100 - -

Avg 171 8

200 163.0 100 - 218.0
200 165.5 100 --

Av- 164.3

300 150.0 100 -
300 146.3 100 -

Avg 148.2

365 149.5 100 - •193.0
365 150.5 100 - 194.0

Avg 150.0

450 171.5 100 -

450 169 9 100 -

Avg 170 7

I m I I a f*b l"t
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r•t lr "' - !5f 4130

Sl-,irnimns !,nad *ci F ,aiilqr,.' Vrf.- ' Cro!.-hezid-Travel Rate
oi 0. 1 in. "in .!rtnin

Temp Not Fra(7tirc F"[:cture App ,iza(,:e Ix __ Kc
IT Sif*-ss, K:.1 P,-cent Shear KSI \IT KSi.

600 176.3 100 --
600 176.5 100 -

Avg 176.4

I tkustcnitized at 1700" F .ir W8,nin, oil-quenched; tempered for
I hr at 825" F.

2 .;ear cracked .pe-imenw.; over-all wdth 2. 65 in. , thickness
0.100 in. ; initial erack length 1. 00 in.

, ' u 9 I I I N% II



-78-

Table 16

.D,.,..,,'r*,e, I, ATN1 4130l Steel Sheet aa

lDiffero~nt Temperatures, and st a Nomn'inal Strain Rate ot
0. 0001 in / n. / ser

0. 2.- Offset Ultimate glorng.
Te mp Yid. Str. Str. in 2 in.

F v IsI

-140 219.0 247.0 7.0

-50 219.0 257.0 . 5.5

80 206.0 .238.5 6.0

AIM 229.0 262.0 7.5

350 212, 5 246 0 7.0

450 183.0 229.5 8.5

'Atistenitizcd at 1700' F foi- 1 hr (argon), oil-quenched;
tempere~d ait 400' F Fr l hr.

2Luongitudinal specimens with gage sections 2 in, long, 3i8

in. wide and 0. 100 in. thick.

%*Ujff4r Me $&ARCH Ik%?TITt,
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Tl 17

F-r-tirc .Si ~ r( *~f -h N- 'I'ko T410 StceI Sheet

IDiffit. rent '1 *w.!!p.- 'tl'Ire!.

Specullet. Ltl;I(!dI 1a IIlure at a~ Fr..-(
. rios!- ,:io- Fzravci Rale. of' 0. 01 in. / min

Frncturc Tnughlle-Ss,

r,-mr;~ Nct If'o' Itt' Is'a:ttirt A\ppetarance,

~ .. KS] Pt-.-- t: si..r KSI Vj in.

-175 9 G. 3 10 98. 5

-150 130.5 50 148.0
-150 126.0 40 140.0
Avg 128,3 144.0

-100 194.0 5S 255.0

-50 1 i;.G.5 IOU 267.0

0 198.5 100 271.0

Go I191. 00 2j'7. 0
80 187.0 100 252 0

Avg 189,3 254.5

250 176.5 100 224.0

350O 157,5 10019.
350 145.8 100 184.5

Av-g 151 7 191.5

150 176.5 100 244.0

Loingittlifinal shea r crack-esi t41 vjibig, 2. 65 in. ujvtr-nI'. widtit.
0. 100 in. thick, r'rack-lcr~gth to specimen-widta ratio 0. 38.

2Altgenitiivrl -it 17OC F G' 1 hr. oit-quenched; tempered at 400" F
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Ternek Pint,.tin '-:Iet-Y' Ut.('ASi 4340 Steel 1-heet 2 at
Diffetent Temrperatures arid at a Nominal Strain Rate of

0 0001 ill. "in. j see

0. 27;- Offset, Ultimatc Elong.
T'rnp .Yld. Sir. Str. i;,. 2 in.

-1,40 245.0 282.0 6.5
-140 240 5 277.5 7.0

V g 242.8 279.8 6.8

-50 238.0 277.0 6.5
50 240.5 282,5 . 6.5

vg239.3 279.8 6. 5

80 230.0 279.5 6.0
80 230 5 278.5 6.0

Avg 230.3 279 0 6.0

250 204.0 266.5 4.5
* 250 200.0 269.0 4.0

Avgr 202.0 267.8 4.3

350 214.0 272.0 5. 5
350 215.0 273.0 5. 5

Avg 214.5 272.5 5.5

450 188.2 249.5 9.0
450 188.2 241.5 8.0

Avg 188. 2 245.5 8.5

'Austeniti zed a t 1600~ F for 30~ min (argon), oil-quenched;
double tempered at 400 F for 2 hr cach cycle.

2 Longitudinal specimens with gage sections 2 in. long. 3/8
in. wide, stid 0. 064 in. thick.

SOUTHFRN RESEARCH INSTITUTE
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Er~ittIre St engh of Smer- Cracked AISI 4340'Stei Set
-it fliffevoet inpitii

'.' r at a* ee, Sheet

Ci-r llshcArTi itl:tv "f 0.01 h, .iin

Fracture -oighness,

"'tlnp Net Fl C'3,tt i' . 'r:. r'* Ap,-. i - c,

F Stress, ISI I're(, eri-t She r in.

-200 82.1 0 57.0
-200 76.4 0
Avg 79 2

-100 109.0 30 82.5

-50 150.0 70 120.0
-50 135 5 50

Avg 142.8

0 174.7 95 160.0

80 113 0 100 175 Il
80 187.3 100

Avg 185.2

250 175.0 100 162.0
250 172.5 100

Avg 173.8

350 142.0 100 135.0
350 149. 5 100

Avg 145.8

500 194.5 100 192.0
500 186.0 100 -

Avg 190.3

Specimens shear-eracked by usual method; . 5 in. over-all width,
., 06 Cr c - wiIL;[ va D LLII L L iLL G LI . 38.

l leat-treatcd as follows: austenitized at 1600°F for 30 rin (argon)
oil quenched; double tempr'red at 4000 F for 2 hr each cycle.

SOUTHERN RESEARCH INSTITUTE
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r'ra('turc S' rength rSh er- Cr e.,ked1 .AISI 4340 Steel Sheet2

SP( 61i1w .Is Loade'd ta'_illu'ire* a~t a 'ree
C rosshen d- Travel Rate of 0. 01 in. hin in

Frracture Toughness,
'lnnNet F"racture Fracture .\ppr-.rance_ <3

- Strcess, KSI Percent Shear. K S I~h

-200 67.3 0 47.5

-100 106. 5 10 76. 6

-50 123.5 45 96.0

0 138.6 .95 121.0

80 152.5 100 141.0

250 150.0 100 138.0

3 50 i1 (8 100o 107.5

I Specim~ens shear-cracked and then rolled flat to eliminate
protrusions; 1. 5 in. over-all width, 0.064 in. thick, crack-,
lcngth to specimen-width ratio 0. 38.

2 Heat treated as follows: austenitized at 1600* F for 30 min (argon)
oil-quenched; double tempered at 4007.F for 2 hr each cycle.

SOUTHERN RESEARCH INSTITUTE
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Siwien:crs Jl'~atci-( ti Tv.- d~I' Ternperatur Within10S'( "10( 11 ld( 10 Se oc Loading,

0.m 2Uitimf 'uec - lang.

05 118.0 157.3 27.0

5 116.0 148.0 2255
25 109.0 1570 826.0

350 117.0 155.0 26.

400 107.5 148.0 26.0

500 105.8 145.5 26.0

600 104.5 144.2 28.0

800 105.8 141.0 25.0

1000 105.8 137.5 25.0)

I Aged at 13000 F for 20 hr.
2 Longitudinal specimens with gage sections 3/8 in. wide, 2 in.

long and 0. 064 in. thick.
3 Specimen fr-actured outside gage setion

SOUT1HERN REEARCH INSTITUTE
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lbi21

Frac Q r.f,' ,f rh :i -Crai-!::,d hiconel X' Sheet2

)((i ( - ,pns ' to F'ailrr at a F.roee

_rf,.ssh(,. 'l'ra% l Htate, of 0. 01 in. /min

Temp1 '; I'"rati Fvracture Appearance,
"t:Strcss, K<s" Percent Shear

-200 V.013 100
200 140 0 100
Av 1K,. 5

-150 137 5 100

200 137 5 100
-100 136 3 100
A,,:g 136.9

0 134.0 100

75 131 0 100
75 1ij2. 5 100

Avg 131. d

150 130 0 1 00

250 127.5 100

350 126.0 1 00
350 126.0 100

Av, 126.0

400 126.0 100

500 124.5 100

600 125.0 100
600 122.0 100O

A,,g 123.5

SOUTIMRN RLSEARCHI INSTirurc



/0 ill. /illnili

'~. ~p .t 1'acti re Fracture Appearance,

80121.0 100

1000 11 1-.0 100
1000. 115,0 100
Avfr 11.- 5

A,,(-( nt 1300' F for 20 hr.
2 LorgitidinaI shvar-crwked spccirnens: over-all width 1 1/2

in.; thickness 0 0641 in.; crack-length to specimen-width
rani, 0. 35.

SOUliA REEARCm iNsriTurr



Table 22

Fracturte Strength (if Shear-Cracked' Heat Treateda AISI 4340 Steel
Sheet Pt Different Temperatures

Specimens Loaded to Failure at a Free
Crosshead-Travel Rate of 0. 01 in. /min

Fracture Toughness,
Temp Ne: Fracture Fracture Appearance, KC 3 ,

o Stress, KS! Percent Shear KSI- -in.

-IU0 129 0 40 108.0

-50 158.5 7C 159 0
/

-20 168.0 85 183.0

0 171.0 95 205.0

75 181.0 95 198.0

Austenitized at 1600* F for 40 min, oil-qu,,enched; ternper,-1 At
425°*F tor 2 hr.

2 Shear-cracked specimens were 1.87 in. wide, 0. 120 in. thick;
nominal crack length 0. 63 in.

SOUTICMN Mrr [ANCW INSTITUK
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Tensije Properties of 7075- T6 Aluminum Alloy Sheet! at
Differvnt Ttemplerattires. Holding rimes, and at a Nniminal

Str;iin Rite of 0. 1 in fin Isec'

Specimrwu; lH'u ted to 't vst Tnemperature Within 5 See

T'*rn v a t 0. 20%n-OffSe t Ultimate Elong.
'em rnp Temp Yld Str. Str. in 2 in.

1;. SwSI00

75 -71.2 80.5 10.0
75 -71.0 79.8 10.5

Avg 71.1 80.2, 10.3

200 0 61. 76.2 10 0
200 0 68 3 75.7 8.0

Avg 68.7 .76.0 9.0

200 1800 . 66.8 76.3 ..
200 1800 69.1 77.4 9.0

A4vgY 68 0 76, 90

300 0 60 3 64.5 7.0
300 0 61. 1 65.8 7.5

Avg 60 8 65.2 7.3

300 1800 62.0 b8 2 7.5
300 1800 67.9 69.1 8.5

Avg 65.0 68.7' 8.0

400 0 50.9 52.1 5.5
400 0 51.6 53.8 5.5

Avg 51.3 53.0 5.5

400 1800 45.2 47.5 6.0
400 1800 44.4 47.0 6.0

Avg 44.8 47.3 6.0

Longituidinal specimnen--; gafc txc:ion 2 in. long, 318 in. wide and
0. 063 in. thick.
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['r.ct I S.... (r k"d "0' ,-'T(G Alim!.n:m Alloy

.She' :a !if'rr'er: "lcmpe "'tua : u'dl ding 'I'hncxs

1"s 'I'(', ;) 'fltl'o W ithin 5 St:
. - ii1  *:n.t ,,, : I i.; itur , iin 0. 1 S(,c-

I" i +, t' ;at
"li'i'tr 1",. N" l1r'; r' Fratrel Toughn.ss, 1,

" Sec St -o s. KS! KSJf in.

75 - G3.2 73.0
75 - 70.0

Avg 69.i1

200 0 65.2 65.9
200 0 71.0

Avg 68.6
200 1800 74.I
200 1800 72.2

A., 73.5

3b0 " 0 63.4 63.9
300 .0 6 .8

Avg 62.6 

300 1800 61. I
300 1800 66.4

Avg 63.8 -

400 0 55.5 54.7
400 0 54.9

Avg 55.2

400 1800 51.0
400 1800 52.7

Avg 51.9

Longitudinal specimens; 1 5 in. over-all width, 0. 063 in. thick,

crack-luhigth to specimen-width ratio 0. 38.

bOUTHCN IESiCANLG- ,N T'ITUTE
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Table 25

Tensile Properties~ of 7i079-T6 Aliniijumr A i iy Sheet at
Diftcrent 'IcTemperattires, Holding Times, and at a Nominal

Strain Rate of 0. 1 in.- /in. /sec

Specimecns Ifeated to Test Temperature Within 5 Sec

rime at 0. 21.- Offs et Ultimate Elong.
'lerrp Termp YId Str. Str. in 2 in.

FSec _____%I___

75 -54.5 64.4 9.0
75 56.0 65.1 7.0

Avg 55.3 64.8 8.0

200 0 63.3 69.7 8.0
,200 0 62.9 20.7 10.5

A v g 63.1 70.2Z 9.3

200 1800 58.9 66.6 9.0
200 1800 63.3 70.2 9.5

Avg 6i.,1 68.4 9.3.

300 0 58 6 63.3 6.5
300 0 60.5 65.6 6.5

AvgC 59.6 64.5 6.5

300 1800 55.2 64.5 11.0
300 1800 56.4 64 4 11.0

Avg 55.8 64.5 11.0

400 0 44'. 6 48.0 6.0
400 0 44.8 47.7 8.5

Avg 44.7 .47.9 7. 3

400 1800 30.1 41.5 7.0
400 1800 36.2 39.6 7.0

Avg 37.9 40.6 7.0

Longitudinal specimetis: rnge mection 2 in. long. 3/8 in. wide and
0.063-in, thick

%OutI41RN RM!ARCII N-fltyur
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Fracture Strength (if Shear-Cracked 7079-T6 Aluminum AlloyI Shet at Difft!rcnt 'I ottperatures and Holding Times

OP,--'itcns lficated to Temperatutre Withi 5 Ser
Specimens Lwided, to Failure in 0. 1 Sec

Time 3!
Te rrp T1emp Net ly'racturfe Fracture Toughness, Y.3

GF Sc,' Stress, KSI K.SI\I in.

75 - 67.9 70.1
75 -65.2

Avg 66. 6

200 0 '59.4 60.2
200 ) .99.8

Avg 59.6

200 1800 57.8
200 1800 60.6G

Avp 59.2

300 0 60.2 60.5
300 0 57.8

Avg W9.0

300 1800 61.0
300 1800 60.6

Avg 60.8

400 0 53.6 56.0
400 0 52.9

Avg 53.3

400 1800 52.8
400 1800 52.9

Avg 52.9

Longitudinal specimens, 1. 5 in. over-all width~, 0. 063 hi. thick,
r*(*itek. length to specimer-*widith ratio 0. 38.

.O~LtH1ERN I*ELAIICH INSYITI.?i
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Table 27
r(,nr.-,Ie Pronertirs (if 2024-1-86 A7min, m ^ih,1 . f-efl t

Diffe rent Tempratures, Holding Times, and at a Nominal
Strain Rate of 0. 1 in. fin. Isec

Specimens Heated to Tost Temperature Within 5 5cc

Tine :It 0. 2%-Offset -. Ultimate El~ng.
"rnp Yld. Sf r. Str. in 2 in.! s-v' K. %

75 - 69.5 71.4 5.0
75 - 68.2 75.5 5.0

Avg 68 9 73.5 5.0

200 0 67.4 69.1 4.5
200 0 71.0 72.6 5.0

Avg 69.2 70.9 4.8

200 1800 65.6 67.2 5.0
200 1800 69.5 70.1 5.0

Aug 67. 0 68.7 5.0

300 0 64.0 65.3 4.0
300 0 65.0 66.1 4.0
Avg 64.5 65.7 4.0

300 1800 66.1 68.1 5.0
300 1800 65.0 66.6 5.0
Avg 65.6 67.4 5.0

400 0 59.3 59.9 4.5
400 0 57.1 58.5 4.5

,-, 58.2 59.2 4.5

400 1800 52.4 53.4 5.5
400 18J0 55.5 56.7 5.5

Avg 54.0 55.1 5.5

Longitudinal ispecimens; gage section 2 in !iong. 3/8 in. wide,
0.063 in. thick.

, i I I I I I I I I IA C 'bITI I
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I'thir' S're.l £)t Slie;ir-Crackvud 2024-T186 A!r0nintim Alloy
Shet :Pf 1 Differ.'nt '1 !npt-rntur!rv and liolditilf Times

Sporeirnns ffcai t(d to 'Tmperature Within 5. See

Sperimns Lc,aderl to F'ailure' in 0. 1 5s'e

p set, Stross, KSI KSI i

75 73.5 80. 0
75 71.1

Avg 72. 3

200 0 68.0 72.2
200 0 C%668

Avg 67.4

200 1800 63 5
200 1800 66.4

Avg 65 0

300 0 60 2 6.
300 0 64.0

Avil 62.1

300 1800 63.8
300 1800 59.0

Avg 61.4

400 0 58.1 61.0
400 0 55.8

Avg 57.0

400 1800 58. 3
400 1800 56.5S

Avg 57.4-

mrick-length to spei :"cn-width raitio 0. 38.



Table 24

fersilp F'rcperties of X2020-T6 Ai'irninuin Alloy Sheet' a t
Diffe'rent Temx-ra tires, !Hlding Times, and at a Nominal

Strain Rate of 0. 1 in. !in. isec

Srwei- ens Heated to Tt-st Tempe-niture Within 5 Sec

T i In e at 0. 2%,-Offset Ultimatc Elong.
Temp Temp Vi t.Str. in 2 in.

*Set, KSI

75 -69.5 71.2 4.5
75 - 0. 0 7t. 2 4.5

A v g ;9. 8 71.2 4.5

200 0 68.1 72.6 5,5
200 0 68.9 72.3 5.5

Avg 68.5 72.5 5.5

0.ViF0 4. 1 674.4 5.0
200 1800 63.3 65.7 4.5

ANvg 63.7 66.6 4. 8

300 0 62.9 a7 5.5
300 0 64.8 68.7 .6.5

Avq 63 9 68.1 6.0

300 1800 57.8 61.6 5.5
300 1800 58.2 63.4 .

Avg 58.0 62.5 5.5

400 0 54.0 55.0 4.0
400 0 55.5 56.5 4.0

Avg 54.8 55.8 4.0

400 i800 50.0 51.8 5.0
400 1800 52.1 54.3 4.0

Avg 51.1 53.1 4.5

... gags oi .v'uii 2 iii. juiag, So in. wiae,
0 063 in. thick

,OV NCM% *I1.AMCM OU1T rE
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Table 30

Fract'ire Slre&ngth of Sliear-Cracked X2020-T6 AlumInum Alloy
Sheet' I-t Differn Temiperatures and Holding Times

Spv'cirens Heated to Teiiperature Within 5 1Sec
Specimens Loaded to Failure in 0. 1 Se~e

lI e at
Temnp Temip Net Fracture Fracture Toughness, KC3,

FSec Stress, KS1 KSI~flin

*75 -58.3 57.0
* 75 55.5

Avg 56.9

200 0 54.4 52.1
200 0 60.0

Avg 57.0

200 1800 55.07
200 1800 55.8

Avg 55 4

300 0 58.6 56.6
300 0 55.0

Avg 55.8

300 1800 58.4
300 1800 53.0

Avg 55. 7

400 0 48.0 46.0
400 0 48.2

Avg 48.1-

400 1800 51.8
400 1800 54.0

Avg 52.9

-Lorigiiudinai specimens; 1. 6 in. over-all width, 0. 063 in. thick,
crack-length to specimen-width ratio 0. 38.

SO=HECAN RESEARCH INSTITUTE
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Table 31

Burs, Propertics -f AISI 41301 Model Vessels Fractured
.t Different 'l emperatures

Temp Burst Hloop Fracture Appearance,

F Pressure, psi Stress, KSI- PercenL Shear

-160 9650 235.0 • 75

-105 9700 236.0 90
-105 9400 228.0 90
-105 9300 226.0 90
Avg 222.0

-5 9100 221.5 100

6 9100 221.5 100

75 9600 234 0 100
75 9100 222.0 100
75 8850 215.0 100

Avg 223.7

200 8950 218.0 100
200 8800 214.0 100
200 8600 209.0 100
Avg 213.0

365 8500 207.0 100
365 8000 195.0 100
365 9000 219.0 100

Avg 207.0

- Heat treated as follows: austcnitized at 17000 F (neutral atmos-
phere) for 68 min total time, oil-quenched: tempered at 8250 F
for 1 hr.

2 Vessels were seamless, 205 cu in. bottles; nominal wall thick-
ness 0. 105 in.

SOUTHERN RSEARCH NSTITUTE
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e32

, I':s ro c ' .,f .\T(~1' '3;T M.df, Vessels Fractured

crnp Bu rst Fracture Appearance,
I". Prssure, psi Stress. KSI Percent Shear

105 12,100 294.0 75
-105 12,900 315.0 70
-105 12,900 315.0 75
Avg 308.0

80 12,200 296.0 95
80 i2,500 304.0 95
80 12,300 299.0 95

Avg 290. 7

hleat treated as follows: aust('nitized at 17000 F (neutral atmos-
phure) fur G8 1, 1in tttal time, oii-quenched;. tempered at 400° F
fo~r i hir.

2 Vessels weeru seamless, 205 cu. in. bottles; nominal wall

thickness 0. 105 ir,

SU n R E A RfCI JNt,' TurT.
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Table 33

Burst Properties of AIST 4340' Model Vessels Fractured
at Different Temperatures

Vesscl T p .,,,, 1;rhIoop Fracture A.. . ,-e rr
N0. F PVCsSureC pSi Sl.ess, KSI Percent Shear

A-6 -105 15,300 292.5 95
B-14 -105 14.500 269.0 60
A-3 -105 15,800 308.5 95
A-10 -105 15.300 2.5 f 95
B-4 -105 14,600 251.5 80
A-4 -105 16,000 294.4 95
B-12 -105 14,500 280.0 95

A-7 -20 15,800 299.0 95
A-2 -20 15,900 301.0 90
A-8 -20 15,000 280.0 90
B-8 20 15,800 287.0 95
n-3 -20 15,600 294.5 95
B-9 -20 15,300 289.5 90

B-16 75 13,700 253.8 95
A-9 75 14,700 273.5 90

A-I 75 15,400 289.0 95

B-7 75 14,400 272.0 95
A-5 75 15,000 2.' 0 100

B-1 75 14,600 276.5 90

oil aueniched from 1600" F; tempered'at 4250 F.
2 Vessels were seamless, 3.52 Lin. in diametcr, cylindrical section

9. 5 in long; wall thickncss nominally 0. 095 in. (varying from
about 0. 088 in. to 0. 102 in.).

SOL'THERN RESUARCH INStITUtE



LTablec 34

Frac!.ure Strength of ',;hoar Crafnked Am 350' Stainless Steel Sheet'
at Dfforent Temperatures

Specimens Loaded to I-ailure at a Rupid I3a-tc to Producc
Fracture in 0. 1 Sec

Temp Net Fracture Fracture Appearance,
VStress, KSI Percent Shear

-225 122.0 40
-225 84.3 4
A\vg 103 2

-200 220.5 90
-200 216.0 90
Avgr 218.3

-100 211.5 100
-100 218.5 100
Avpg 215.0

o 214.5 100
0 213.0 100

Avg 213.8

75 213.0 100
75 211.5 100

Avg 212.3

200 195. 5 100
200 107.0 100
Avg 196.8

400 181.5 100
400 184.0 100
Avg 182.8

i Solutiua treated a L I',; tV-r WV Mir,~ aiguit) -, wcr-qv'eIched;
refrigerated at -105* 1- for 3 hr; aged at 850* F for 3 hir.

2 Shear-cracked specimuuis (longitudinal); over-al! width 1 1/2 in.;
thickness 0. 040 in.; crack-length to sipecimen-width ratio 0. 35.

SOUTHERN RESLARCIM 11"117il
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rable 35

Fri, . tvt, Strength of Fatigtuc-Cra(,ked AM 350' Stainless Steel Sheet
it i. inrren Temperutures

Specimens Loaded to Failure at a Rapid Rate to Produce

Fractul e lk 0. 1 Sec

Temp Net Fracturc Fracture Appearance,
F Stress, KS Percent Shear

-225 155.0 50
-225 96.8 45
Avg 125.9

-200 202.5 95
.200 192.0 90
Avg 197.3

-100 201.5 100

.0 202.0 100
0 205.0 100

Avut 203.5

75 205.5 100
75 198,5 100

Avg 202.0

200 197.0 100
* 200 198.0 100
Avi, 197.5

400 182.0 100
400 182.0 100

Avg 182.0

I Solution treated at 17250 F for 30 min (ai-gon), water-qtenched;
refrigerated at -105 ° F for 3 hr; aged at 850' F for 3 hr.

2 Fatigue-cracked specimens (longitudinal); over-all width 1 1/2 in.
thickness 0. 040 in.; crack-length to specimen-width ratio 0.35.

SOUTHNCN RESEARCH INbTITUTE
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jable 35A

3 Fracttre Strength of Fatigue-Cracked Heat-Treated' AM 350 Sheet 2

aLt Different Temperaturos

Specimtes Loaded to FIo1urc at a Free Crnoshead- Travel
Hate of) 0. in. imin

T c mp Net Frarture Fracture Appearance,

P Stress, KST 'Percent Shear

-200 93. 10
-200 158.5 10

-200 69.0 0
Avg 107.0

-1I15 145.0 30

.... 197.0 100

0 201.0 100

75 188.0 100
75 179.0 100

A v 183.5

250 188.0 100

450 169.0 100

Solution treated at 1725' F for 30 min (argon), water-quenched;
refrigeratect at-105* F for 3 hr; aged at 850' F for 3 hr.

2 Fatigue-crackod specimens (longitudinal); over-all width 1 1/2 in.;
thickness 0. 040 in.; crack-length to specimen-width ratio 0. 35,

SOUTHERN RESCAI'CH If.STITLTE
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Table 36

Fracture tr(ngl.h of Fatigue-Cracked 17-7 PH'I Stainless Steel
S.ICt at i)lrerrnt Temperatures

Specimens Loaded r0 Failure at a Rapid Rate to Produce
Fracture in.O. 1 "'c

Temp Net firactire Fracture Appearance,
" "Stress, KSI Percent Se.r

-225 85.3 0
-225 71.8 0,. 78.6

-200 153.8 0
-200 157.5 0
Avg 158.2

-100 165.7 5
-100 166.4 5
Avg 166.1

0 161.8 10
0 163.3 10

,'vg 162.5

75 164.2 30
75 161.5 30

Avg 162.9

200 158.0 60
200 151.0 60
Av, 154.5

400 145.5 t00
400 151 0 100
Avg 148.3

I TH 1050 condition-1400 F for 90 min; cooled to 500 F ful 60 11in;

2 Longitudinal fatigue-cra( kc'! specimens; over-a.1l width 1 1/2 in.;
thic:ness 0. 040 in.; crark-length to specimen-width ratio 0. 35.

SUTH4ERN RCISKANCH INSTITJTE
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rrsacurre itrength of Fatiiiii.-Crar-ked 17-7 PH' Si ailcs Steel
Sh.et :2 3t r):fferen, remnperntt.,ros

Specimens Loaded t:, Failure at a Free Crosshead-Travel
R.ite of' 0. 01 in. hnin

N '1 -t. 2 17 * t.~I; 1jj . i~.hLL

St%;s,-,, '%,-: Percent Shcar

-225 1 34. 0 0

-200 123.0 0
-200 146.0 0
A vg 137.0

-100 169.0 0
-1WO 151.0 0
A v,4 160.0

0158.0 5
0 159-.1 10

158.5

75161.0 40
75 1 G4.5. 40'

162. d

200 158. 5 .80

200 157.0 80
Avg, 157.8

300 154.5 . 100
300 160.0 100
Avg, 157.3

40C 155.0 100
400 154.0 100
Avg 154.5

000 141.0 100

held at 1050' F foi- 90 inf.
2 Longitudinal fatigue-cracked sperimens; over-all width 1 1/2 in.

thickness 0. 040 in. ;crack-length to specimen- width ratio 0. 35.

SOU "CON OVECARCII N, IIIUIE
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P.- (:urcs~rn~fth A Ftige-Cackd 775-6 AumiuniAlloy
sheetl a0 Different TeDIipCv-i tures

Spet-imens 114 Id ;r Temnpt rturt for 1800 See Before Loading
Spcc;.icns Loaded to Failure in 0 1 stec

Ti~rN v\t Fracture

vii '64. 0
A~ CA 54

20 G 70.1
200 '7T0

V100 60.0
300 6334

A v 61 7

10O0 48. G
4~0 !."02

49.4

14)31"i udin.1 sp'ci iro'ns: 1 . 5 in, t,v'- -all width; 0. 063 in. thicekI,
vrack- ler.gth to ;pvcitnel- width ratio 0. 35 to 0. 40.
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Table 39

Fracture Str: ngfl of Fatigue- Cracked 7079-T6 Aluminum Aklloy
'~ !Different Temperntures

Specimens Held at Temperature for 1800 See Before Loading
Specimens Loaded to aiu~ 0 1 Scc

Temnp . Not Fractzirc.
__ FStress,, KSI

7 5 64 3
75 61. 6

Aig 63.0

24100 .65.0
200 63.5

Av,, G4. 3

300 64 4
300 5.

Avg 61.9

400 50. 5
400 49.2

A vg 49.0

Longitudinal specimens; 1. 5 in. over-all width, 0. 063 in. thick,
crack-leinpth to specimen- width vatic, 0. 35 to O 40.

., !'M N PISFARC14 INSITUC.
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Tahllb 40

Fracture Strength of Fatigue.-Crackcd 2024-T86 Aluminum Alloy
Sheet' at Different Temperatures

Specimens Hield at Tnmperature for 1800 Sec Bcfore Loading
Specimens Loaded to Failure in G. I Sec,

Temnp Net Fracture
F Stresn, KSI

75 68.3
75 69.1

Avg 68.4

200 65.9
200 58.6

Avg 62.3

300 64.0
300 61.6

Avg a2.

400 60.0
400 56. 3

Av!-, 58,2

ILongitudinal specimnens. 1. 5 in. over-all width. 0. 063 in. thick,
crack- length to specimen- width ratio 0. 35 to 0. 40.



ructre Spt-rng~j or' rakt i~i-~cit.' X2020-T6 Aluminum Alloy

Sp(c ]Wns1ld cir±pe ratu re forw 1800 .1jer -_1vf'oz-v L~ondi
Spcmirnn I .nw 'ed io Fa;ilure ) in 0. 1 S4ec

I" strcss. ESI

75 I'

75 58. 0
Avg 55. 8

200 53.8
200 5521

Avg545

300 --
300) 61. 5

Avg 61 5

400 5L.0
400 59.8

A v 58,9

Longitudinil spceimens; 1.5 in Over-aIl width, 0.063 in. thick,'vric.k-lerigth to specimren-widtli ratio 0. 35 to 0. 40

MOftHS .±Lftl ACb1 N.1h
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Tahil, 42

2
Vractur, Streni!'h of f'atiue- Crw, ked'. AIS 4130 Stez!l Sheet

at jiffer-nt Teinperatures

.ipecimnt:; f .)ndd to Failu-c at a Free
Cro .nhead-Tjvet Rate or c.0i in. !min

iL.tr v) Not l.r:Ctu,., ,ractl re Appearance,
- wstres.s, KSI Percent Shear

-155 3 6

-100 155.0 35

-50 133.i 9

n 170.0 too
0 1'4.8 100

Avg 172. 4

80 1I0. 5 100
80 172. 5 100

Avg 166. 5

250 156. 5 190
250 148 " 100

Avg 152.7

350 146.5 100

450 157. 5 10"3

Longittdinal spFe iewns with s,.r-cracks initially 0 6 in.
1ong. ext.'rdod bY n:ini fatigue londing. Over-all specimen
width 2. 65 in. , ,v('r all rrark leng'.hs from 0.90 in. to
1.00 in.
Aus;tenitized at 17000 F for 68 min, oil-quenchcd; tempered
al 8250 F for I hr, (nominal tensile .str:ngth, 200.600 psi).

t0J7U!HC N RIES AMCH 14 1ST. ,



Chetnical Anal:.,sts, IN ,pth of Decat'hrization Measu'rements.
ind Inclusion ('auints on !5 m t Ie q f rom AIS 1 4340 Steel Vessel's

It is not Within the scop3- c' this program ~to present an exhaustive
iiv, stigation of the inicrostructvire oif thK IAISI 4340 steel pressure
vessiSl us,-d in thc correlative'studies. However, it is quite likely
that the burst properties of thesevescsels. were to some extent affected
h' surface docarbarizationi known-.ic be present in the sheet stock from
which the vessels were formed. The.refoire; :depth of decarburization
mtasm(Eiiiefu ts wvre muade on it sartfie' rom t&tch vessal. Ana to ii
some added ineight into the burst behavior Of these vessels, it was
thuzight desirable twi have chemical analyses made on a few vessel
samples for phosphurus, sulfur, nitrogen, oxygen, and hydrogen so
that the range of content of these elements in the vacuum-remnelted
stock could be fastablished.. The results of the chemical analyses on
four vessels, and depth of decarburization nmeasurements and inclusion
counts, made or, samples taken near Ehe fracture initiation 'sites in ail
(if the vessels, are presented in tabular form in this Appendix. The
bnrct properties uf the vessels are also given again in these tables so
that a dlirect cornparison with decarburization depth can be made.
Simpies for !he decarburization examinations, cut from -he fracture
initiation area, were about 30/4 in. square and wcre mounted and
polished for microhardness monstirements. A rnicrohardness trsv.erse
was made across the thickness of each sample about 1/2 in. from the
fracture ourface. Samiples for chemical analyses were taken at a
location adjacent %.o the metallographic samples.

Chemical Analyses or. Vessels

N 0 Fi

Vessel 51P __/C pp

A-5 --0.01 0.007 106 40 3.7

A-6 '-0. 01 0 007 :116 35 2.2

B-14 <0. 01 0. 007 123 25 3.3

B- 16 <0. 01 0.006 i29 65 2.3j

SOUTHE~RN RESEARCH NrTtUTT.
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Decirb.rizato.,n Depth aid 1nttwsion Counts
on Samples Taken Near F' eture-nitidt= nites

Decarburizatdun I ptlh,
in. (Microhardness

Traverses) ASTM F'nr,,re
Inner Wall Outer Wait Inclusion Appearance, Hoop Stress Fvaluation

Vessel Surface Surface Ratftig' % Sher at Burst, psi Temperature, *F

A-6 0.0032 0.0010 D-1-T 95 292,500 -105

B-14 0.0140 0.0040 D-1-0 60 269,000 -105
A-3 0.0150 0.0152 D-1-if 95 308,500 -105
A-10 0.0140 0.0032 D-1-11 95 295,500 -105
B-4 0.0100 0.0030 D-2-T 80 251,500 -105
A-4 0.0220 0.0040 D-1-T 95 294.000 -105
B-12 0.0020 0.0010 D-1-11 95 280,000 -105

A-7 0.0300 0 0132 D-1-H 95 290,000 -20
A-2 0.0132 0.0040 D-I-H 90 301,000 -20
A-8 0.0130 0.0048 D-2-11 90 280,000 -20
B-8 0.0240 0 0040 D--I1 95 287,000 -20
B-3 0.0132 0.0070 D-2-i 95 294,000 -20
B-9 0 0020 0.0040 D-I-It 90 289,000 -20

.13-16 0.0040 0.0030 D-3- H 95 253,800 75
A 9 0.0040 0.0196 D.-I-I 90 273,500 75
A-1 0.0024 0.0032 A-1-I &

D-I-11 95 289,000 75
B-7 0.0024 0.0040 A-1-I &

D-2-n 95 272,000 75
A;5 0 0224 0,0088 D-2-ui 100 278,000 75
B-I 0.0100 0.0050 D-1-H 90 276,000 75

ASTM De frn tion: E 45-51; method "A". worst field.

SOUTHERN RESEARCH INSTITUTE

!Ira/IM



It sepms probable from the foregoing CdatI 11i..
Ciation cqn be made between depth of decarhi. zati
of the ves -els. However, it can be pointed out tb' I. t
the lowest burst strengrths (B-14, BA-, and 13-16), . ~
burization was .dgh to moderate, not exceedi-..' 0. Of Vi
and in all three vessels the depth of decarbu..i'. ifi<a'
not exceed 0. 0040 in.

~s '.t"'~ng ~ ~ ~ the anx ..

analyses were made, the icuoncounts are c.) st
con'tents. For example, vessel B-16, which Lad i
tent, also had the highest oxide-inclusion radig; ~
the oxygen conten~t was rather. inW (25 ppmn), 11Le a
oxide- inclusion rating.

S. I


